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THE  USE  OF  ION  IMPLANTATION  FOR  MATERIALS  PROCESSING 


Preface  -  F.  A.  Smidt 


This  report  is  the  fifth  in  a  series  of  Progress  Reports  on  work 
conducted  at  the  Naval  Research  Laboratory  (NRL)  to  investigate  the  use 
of  ion  implantation  for  materials  processing.  The  objective  of  the 
program  is  to  develop  ion  implantation  as  a  viable  surface  treatment 
technique  for  use  in  applications  of  interest  to  the  Navy.  Attainment  of 
this  objective  requires  both  fundamental  research  to  provide  an 
understanding  of  the  physical  and  metallurgical  changes  taking  place  in 
the  implanted  region  of  a  material  and  applications  oriented  research  to 
demonstrate  the  benefits  of  ion  implantation. 

The  work  reported  here  represents  a  coordinated  effort  in  three 
divisions  at  NRL,  the  Condensed  Matter  and  Radiation  Sciences  Division 
(Code  6600),  the  Chemistry  Division  (Code  6100)  and  the  Material  Science 
and  Technology  Division  (Code  6300).  The  work  includes  in-house  basic 
research  conducted  under  the  auspices  of  the  Office  of  Naval  Research, 
applied  research  performed  for  several  Navy  and  DOD  sponsors  (NAVAIR, 
NAVSEA)  and  collaborative  work  with  scientists  at  other  laboratories. 

The  purpose  of  this  report  is  to  make  available  in  one  source  the 
results  from  all  studies  at  NRL  related  to  the  use  of  ion  implantation 
for  materials  processing  so  as  to  provide  a  more  comprehensive  picture  of 
the  scope  and  interrelationship  of  the  research.  The  report  consists  of 
four  sections  describing  the  research  and  a  cumulative  bibliography  of 
published  papers  and  reports. 
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THE  USE  OF  ION  IMPLANTATION  FOR 
MATERIALS  PROCESSING 

ANNUAL  PROGRESS  REPORT 
FOR  THE  PERIOD 

1  OCTOBER  1982  -  30  SEPTEMBER  1983 


SUMMARY 

I.  ION  IMPLANTATION  SCIENCE  AND  TECHNOLOGY 


Research  reported  in  this  section  is  directed  toward  a  fundamental 
understanding  of  the  processes  and  phenomena  associated  with  ion 
implantation  and  the  development  of  the  technology  of  ion  implantation 
for  materials  processing. 

A.  Carburization  Of  Steel  Surfaces  During  Implantation  Of  Ti  Ions  At 
High  Fluences 


I.  L.  Singer 

Auger  and  nuclear  backscattering  analyses  of  ion-implanted  steels 
have  shown  that  surfaces  implanted  with  carbide- forming  ions  can  develop 
high  carbon  concentrations  well  into  the  implanted  layer.  A  model  is 
presented  here  in  which  the  residual  gases  in  the  vacuum  chamber  interact 
with  the  surface  during  implantation  to  carburize  the  surface.  Briefly, 
(1)  implanted  Ti  ions  are  "uncovered"  by  sputtering,  (2)  they  react  with 
residual  gases  to  form  surface  carbide  species,  (3)  the  carbides 
dissociate,  and  (4)  the  carbon  atoms  diffuse  inwards.  Composition 
profiles  of  steels  implanted  with  Ti  ions  ( 5-50X1 0'*Vcm2  at  55  and 
190  keV)  were  analyzed  and  shown  to  support  the  model.  Implications  of 
the  vacuum  carburization  effects  on  surface  alloy  chemistry  and 
mechanical  properties  are  discussed. 

B.  Absorption  Of  Carbon  From  Residual  Gases  During  Ti  Implantation  Of 

Alloys 

I.  L.  Singer  and  T.  M.  Barlak 

Secondary  ion  mass  spectrometry  (SIMS)  has  been  used  to  analyze  the 
surface  composition  of  several  steel  and  Ni-plated  substrates  implanted 
with  Ti  ions  (5X10''  Ti/cm^  at  190  keV).  SIMS  showed  clearly  the 
carbonaceous  subsurface  layer  previously  reported  in  Auger  and  nuclear 

Manuscript  approved  May  25,  1984, 


1 


backscattering  analyses  of  Ti- implanted  Fe-based  alloys.  Moreover, 
substrates  implanted  in  a  vacuum  which  was  backfilled  with  isotopic 
'3co  gas  showed  20  to  50X  higher  mass  13/  mass  12  ratios  for  surface 
concentrations  and  integrated  subsurface  doses  than  substrates  implanted 
in  normal  vacuum  atmospheres  at  pressures  near  10~°T orr.  Auger 
analysis  confirmed  the  subsurface  C  profile  and  found  no  0  (<  1  at  .%) 
below  the  oxide  layer.  The  experiments  provide  direct  evidence  that  C 
atoms  can  be  absorbed  from  residual  gas  molecules  in  a  vacuum  chamber 
near  room  temperatures  during  implantation  of  carbide- forming  ions. 

C.  Modeling  Of  High  Fluence  Titanium  Ion  Implantation  And  Vacuum 
Carburization  In  Steel 


D.  Farkas,  I.  L.  Singer,  and  M.  Rangaswamy 

Concentration  vs.  depth  profiles  have  been  calculated  for  Ti  and  C 
in  52100  Ti -implanted  steel.  Using  a  computer  formalism  developed  to 
account  for  diffusion  and  mixing  processes,  as  well  as  sputtering  and 
lattice  dilation.  A  Gaussian  distribution  of  Ti  was  assumed  to  be 
incorporated  at  each  time  interval.  The  effects  of  sputtering  and 
lattice  dilation  were  then  included  by  means  of  an  appropriate  coordinate 
transformation.  C  was  assumed  to  be  gettered  from  the  vacuum  system  in  a 
one-to-one  ratio  with  the  surface  Ti  concentration  up  to  a  saturation 
point.  Both  Ti  and  C  were  allowed  to  diffuse.  A  series  of  experimental 
(Auger)  concentration  vs.  depth  profiles  of  Ti  implanted  steel  were 
analyzed  using  the  above-mentioned  assumptions.  A  best  fit  procedure  for 
these  curves  yielded  information  on  the  values  of  the  sputtering  yield, 
range  and  straggling,  as  well  as  the  mixing  processes  that  occur  during 
the  implantation.  The  observed  values  are  in  excellent  agreement  with 
the  values  predicted  by  existing  theories. 

D.  Boltzmann  Approach  To  Cascade  Mixing 

Irwin  Manning 

The  Boltzmann  transport  equation  is  used  to  describe  a  beam  of  ions 
of  atomic  species  1  bombarding  a  target  modelled  as  an  amorphous  mixture 
of  species  2  and  species  3  atoms.  In  a  manner  familiar  in  nuclear 
reactor  theory,  the  method  of  characteristics  is  used  to  integrate  the 
resulting  transport  equations.  An  exact  expression  for  the  migration 
flux,  J3,  is  obtained  in  closed  form  which  can  be  evaluated  in  terms  of 
a  power  series  in  a  distance  parameter  s.  For  a  slowly  varying  density 
of  N3  atoms.  Pick's  law  is  derived  as  lowest  order  term  of  the  power 
series  and  J3  is  shown  to  be  proportional  to  the  bombarding  flux.  A 
closed  expression  for  the  mixing  parameter  in  Fick's  law  is  also 
obtained,  which  allows  a  calculation  of  this  quantity  for  realistic 
interatomic  potentials.  A  model  Kinchin-Pease  displacement  cascade  is 
proposed,  which  is  expected  to  allow  a  reasonable  first  approximation 
calculation  of  the  mixing  parameter  in  Fick's  law.  It  is  deduced  that 
the  mixing  parameter  will  depend  sensitively  on  the  lattice  displacement 
energy  which  provides  a  physical  mechanism  for  a  "chemical  effect”  in 
cascade  mixing,  as  well  as  for  the  fluence  and  temperature  dependence  of 
cascade  mixing. 
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E. 


Surface  Modification  By  Ion  Beam  Enhanced  Deposition 


R.  A.  Kant  and  B.  D.  Sartwell 

Several  model  experiments  were  conducted  to  study  sputtering  and 
surface  reactions  in  various  combinations  of  thin  film  deposition  and  ion 
bombardment.  Cooper  films  given  multiple  sequences  of  Ta  implantation 
and  Cu  deposition  were  analyzed  using  scanning  electron  microscopy, 
backscattering,  and  Auger  spectroscopy.  Ta  retention  was  92%  following 
direct  implantation  while  100%  retention  was  achieved  for  the  same  Ta 
dose  if  sputtered  Cu  was  replaced  during  implantation.  Lateral  migration 
of  Ta  and  micro-roughness  were  observed  for  all  cases  studied. 

F .  The  Surface  Binding  Energy  For  A  Ternary  /.  iloy  Produced  By 

Ion  Implantation 

G.  W.  Reynolds,  F.  R.  Vozzo,  R.  G.  Allas,  P.  A.  Treado  and 

O.  M.  Lambert 

The  surface  binding  energy  model  proposed  by  Reynolds  for  a  binary 
alloy  has  been  extended  to  a  ternary  system.  From  this  model  extension 
the  steady  state  atomic  surface  fractions  were  calculated  for  a  ternary 
surface  alloy  prepared  by  ion  implanting  a  binary  alloy  of  known 
composition.  These  predictions  were  compared  with  the  results  of 
subsequent  ion  implantation  experiments.  The  total  implantation  process 
was  monitored  by  the  observation  of  light  emitted  through  de-excitation 
processes  from  sputtered  neutral  atoms.  Experimental  results  are 
reported  for  a  nickel -chromium  alloy  implanted  with  90  keV  copper  and 
with  tantalum.  Rutherford  backscattering,  particle  induced  X-ray 
emission,  and  Auger  surface  analysis  were  used  to  analyze  the  composition 
of  the  sputtered  foils  and  implanted  specimens.  The  partial  sputtering 
yield  for  each  component,  net  sputtering  yield  and  surface  atomic 
fractions  were  determined,  and  then  compared  with  the  predicted  values. 
The  different  analytical  techniques  show  consistent  agreement  within 
experimental  error  and  there  is  reasonable  agreement  between  the 
experimental  results  and  the  predicted  values. 

G.  Effects  Of  Non-Normal  Incidence  On  The  Implantation  Of  Copper  With 

Gold  And  Tantalum 

P.  R.  Malmberg,  R.  G.  Allas,  J.  M.  Lambert,  P.  A.  Treado  and 

G.  W.  Reynolds 

Copper  targets  were  implanted  with  125  keV  gold  and  tantalum  ions 
at  selected  incident  angles  of  the  beam  relative  to  the  target  normal  to 
examine  the  effect  of  the  incident  angle  on  the  sputtering  yields,  the 
dose  retained  in  the  modified  layer,  and  the  atomic  surface  fractions. 
Sputtered  particles  were  collected  on  aluminum  foils  to  measure  the 
angular  distribution  of  the  sputtered  particles  and  to  determine  the 

partial  sputtering  yields  of  the  beam  and  target  species.  A  1.5  MeV 

xenon  beam  implanted  markers  into  the  copper  targets  to  determine  the 

average  sputtering  yield  for  the  surface  during  the  implantation. 
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Theoretical  predictions  from  a  surface  binding  energy  correction  model 
were  compared  with  the  experimental  results.  Although  the  predictions 
from  the  model  were  not  exact,  the  trends  of  the  data  were  in  agreement 
with  the  model.  The  measured  total  sputtering  yield  increases  with 
increasing  incident  beam  angle,  and  correspondingly,  the  fluence  retained 
decreases  with  incident  beam  angle. 

H.  Retention  Of  Ions  Implanted  To  High  Fluences  Into  Steel  Cylinders 

N.E.W.  Hartley,  K.  S.  Grabowski,  C.  R.  Gossett  and  I.  Manning 

Fixed  steel  cylinders  were  implanted  by  a  scanned  beam  of  Ar,  Ti, 
or  Ta  ions  to  evaluate  the  effect  of  non-normal  incidence  on  the 
retention  of  implanted  ions.  Ions  were  implanted  at  150  keV  to  fluences 
up  to  1  X  lO'S/cn^  yhe  cylinders  consisted  of  AISI-M50  and  52100 
bearing  steels,  304  stainless  steel,  and  A1  coated  with  160  nm  of  Fe. 
Ion  retention  versus  azimuth  angle  was  determined  for  Ar  and  Ti 
implantations  by  x-ray  analysis  and  for  Ta  by  Rutherford  backscattering 
analysis.  Measured  retention  followed  predictions  of  an  analytical  model 
at  low  ion  doses  ( ±  1  X  lO^/cm^)  but  sometimes  deviated  from  the 
model  at  higher  fluences,  especially  for  steel  cylinders  implanted  with 
Ti  or  Ta  ions.  This  model  assumed  a  constant  but  angular-dependent 
sputtering  rate  during  implantation.  Experimental  results  are  presented, 
the  analytical  model  is  briefly  described,  and  an  explanation  for  the 
deviation  at  higher  fluences  is  proposed. 

I.  Binary  Collision  Cascade  Calculation  Of  Sputtering  From  Cu-Ni 


M.  Rosen  and  R.  H.  Basse! 


The  binary  collision  cascade  code  MARLOWE  was  used  to  calculate  the 
total  and  elemental  sputtering  yields,  and  the  angular  and  energy 
distributions  of  sputtered  atoms  for  several  Cu-Ni  alloys.  The 
calculations  were  performed  as  a  function  of  surface  composition  for  the 
cases  of  90  keV  Cu  and  Ni  ions  striking  the  alloy  targets  at  normal 
incidence.  The  calculations  were  compared  with  experimental  measurements 
reported  in  the  literature. 


II.  WEAR  AND  FATIGUE 


Research  reported  in  this  section  involves  the  application  of  ion 
implantation  processing  to  the  improvement  of  surface  sensitive 
mechanical  properties  such  as  wear  and  fatigue,  and  fundamental 
investigations  of  the  mechanisms  which  produce  these  changes  in 
properties. 


A.  Surface  Chemistry  And  Friction  Behavior  Of  Ti-implanted  52100  Steel 

I.  L.  Singer  and  R.  A.  Jeffries 

Auger  spectroscopy,  EDX ,  and  optical  microscopy  have  been  used  to 
analyze  the  friction  and  wear  behavior  of  52100  steel  couples,  one 

modified  by  Ti  implantation  (5-50X1 C)1 6/cm2  at  190  keV).  A  low 
friction  coefficient,  v  k=0.3,  was  measured  on  surfaces  that  were 
carburized  by  high  fluence  (>16X10^6  Ti/cm2)  implantation.  A  fully 
carburized  layer,  produced  at  50  X  10^°  Ti/cm2,  resisted  wear  and 

retained  the  low  friction  coupling.  Partially  carburized  layers, 
produced  at  16  and  20X10^  Ti/cm2,  gave  an  initially  low  friction 
coupling  P|<=0.3;  but  after  6-10  passes,  the  partially  carburized  layer 
was  sheared  off  exposing  the  underlying  Fe-Ti  alloy  layer,  and  the 

friction  coefficient  rose  to  u  |<=0.8.  A  high  friction  coefficient, 
Pj^O.8,  was  also  measured  on  initial  sliding  contact  with  a  surface 
implanted  to  a  low  fluence  { 5X1 01 ^  Ti/cm2).  High  friction  is 

attributed  to  high  adhesion  between  Fe  in  the  slider  and  the  Fe-Ti  alloy 
found  in  the  surface.  Continued  sliding  contact  (in  air)  against  the 
Fe-Ti  surface  oxidized  the  Ti  and  Fe,  and  the  friction  coefficient 
dropped  to  a  value  of  ^(<=0.6,  characteristic  of  the  nonimplanted 
sliding  couples. 

B.  Effects  Of  Implantation  Energy  And  Carbon  Concentration  On  The 

Friction  And  Wear  Of  Titanium- Imp! anted  Steel 

I.  L.  Singer  and  R.  A.  Jeffries 

Dry  sliding  friction  and  wear  measurements  were  used  to  evaluate 
two  implantation  processes  which  increase  the  C  concentration  in 
Ti-implanted  steels.  In  the  first  process,  Ti  ions  were  implanted  at  a 
low  energy  (50  keV)  in  order  to  enhance  the  efficiency  of  vacuum 
carburization  over  what  is  achievable  at  higher  energies  (e.g.,  190 
keV).  In  the  second,  a  dual  implantation  process,  C  ions  were  implanted 
into  steels  already  implanted  with  Ti  ions  at  high  energy  (190  keV).  The 
first  process  produced  a  low  friction  (y=0.3),  scuff  resistant  surface  at 
a  fluence  of  2X1  CP  7/cm2,  40%  lower  than  the  fluence  required  for 

similar  behavior  by  190-keV  implants.  At  fluences  of  2X1 01 7/cm2 
each,  the  dual  implantation  produced  a  modest  decrease  in  friction 
(u=0.5),  accompanied  by  stick  slip,  and  some  wear  resistance  compared  to 
nonimplanted  steel  (w=0.6).  Auger  spectroscopy  and  energy-dispersive 
x-ray  analysis  were  used  to  analyze  the  surface  composition  produced  by 
the  two  processes  at  fluences  of  2X101'/cm2> 

C.  Wear  Testing  Under  High  Load  Conditions 

N.E.W.  Hartley  and  J.  K.  Hirvonen 

The  friction  and  wear  behavior  of  three  ion  implanted  and  ion  beam 
mixed  steels  were  investigated  under  simulated  scuffing  conditions  using 
a  Falex  friction  and  wear  tester.  The  frictional  force  experienced 
during  wear  testing  was  used  to  assess  the  degree  of  scuffing,  and  the 
amount  of  material  worn  away  was  measured  on  the  Falex  tester  or  by 
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subsequent  weight  loss  determinations.  The  following  ions  were  evaluated 
to  determine  the  effects  of  intermetall ic  additions  (C,N,P),  alloy 
elements  (Ti,Cr),  and  anti-scuff  elements  (Mo,Ta).  In  addition  some  thin 
(  1000  A)  vacuum  evaporated  layers  of  Si,  V,  Ni ,  Nb,  Sn,  Mo,  Ta  and  W 
were  prepared  and  in  some  cases  intermixed  with  N+  ions  at  a  fluence  of 
typically  2X10lvcm2,  to  compare  with  the  effects  of  ion 

implantation.  The  52100  steel  (a  through-hardened  martensitic  bearing 
steel)  showed  marked  improvements  after  Ti+  implantation.  Ta* 

implantations  into  9310  steel  (a  case-hardened  gear  steel  with  3.0$  Ni , 
1.4$  Cr  and  0.55$  Mn)  reduced  the  wear  rate  and  scuffing  wear.  The 
results  are  discussed  in  terms  of  the  probable  influence  of  the  various 
added  elements  on  the  metallurgical  wear  mechanisms  of  the  respective 
steel s. 

D.  Hardness  As  A  Measure  Of  Wear  Resistance 


W.  C.  Oliver,  R.  Hutchings,  J.  B.  Pethica,  I.  L.  Singer  and 

G.  K.  Hubler 

One  measure  of  the  surface  mechanical  properties  of  materials  can 
be  obtained  through  microhardness  data.  The  success  of  microhardness  in 
predicting  the  improvements  in  wear  resistance  of  ion  implanted  metals 
has  been  mixed.  In  this  paper  the  cases  of  N  implantation  into  304  S.S. 
and  Ti  implantation  into  52100  bearing  steel  are  examined.  Microhardness 
data  indicates  little  or  no  hardness  changes  whereas  large  wear  rate 
changes  are  observed.  From  these  two  examples  it  is  clear  that  the  wear 
mechanism,  the  chemical  nature  of  the  surface,  the  ductility,  and  the 
toughness  can  be  more  important  than  the  hardness  changes. 

F.  Effect  Of  Titanium  Implantation  On  The  Friction  And  Surface 

Chemistry  Of  A  Co-Cr-W-C  Alloy 

S.  A.  Oillich  and  I.  L.  Singer 

The  effects  of  the  implantation  of  titanium  ions,  to  a  fluence  of 
5X1  ol?  ri  ions  cm-2  at  190  keV,  on  the  tribological  behavior  of  a 
centrifugally  cast  cobalt-based  alloy  (Stoody  3)  were  investigated  by 
friction  tests  against  a  variety  of  alloy  and  carbon  counterfaces.  Dry 
sliding  friction  coefficients  were  compared  with  those  made  on  similarly 
prepared,  but  non-impl anted,  and  fatty-acid-coated  samples.  High 
friction  coefficients  (uk  =  0.6)  for  the  alloy-Stoody  3  couples 
coincided  with  the  formation  of  debris,  with  the  same  composition  as  the 
softer  of  the  mating  alloys,  in  the  wear  scars.  Much  lower  U|<  values 
were  measured  on  titanium- implanted  (mk  =0.25)  and  fatty  acid-coated 
(uK=  0.1)  surfaces.  Optical  microscopy  indicated  a  change  in  the 
surface  texture  of  the  implanted  surfaces  attributable  to  sputtering. 
Auger  spectroscopy  showed  that  vacuum  carburization  of  both  carbide  and 
matrix  phases  of  the  Stoody  alloy  occurred  during  implantation.  The 
friction  and  wear  mechanisms  involved  are  discussed. 
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F.  Wear  Improvement  In  Ti-6A1-4v  By  Ion  Implantation 

R.  G.  Vardiman 

The  friction  and  wear  of  Ti-6A1-4V  are  found  to  be  sharply  reduced 
by  carbon  implantation  followed  by  heat  treatment.  Optimum  wear 
resistance  was  developed  at  400°C,  at  which  the  microstructure  of  the 
implanted  layer  showed  a  dense  array  of  TiC  precipitates  up  to  60  nm  in 
size.  The  implanted  layer  in  this  case  was  worn  through  in  a  few 
thousand  cycles  of  the  ball  on  disc  test,  but  by  implanting  at  two 
energies  to  achieve  a  deeper  carbide  layer,  negligible  wear  was  found 
even  after  20,000  cycles.  No  wear  improvement  was  found  for  nitrogen 
implantation. 


III.  CORROSION  AND  OXIDATION 


Research  reported  in  this  section  involves  the  application  of  ion 
implantation  processing  to  modify  the  corrosion  and  oxidation  behavior  of 
surfaces,  and  fundamental  investigations  of  the  mechanisms  which  produce 
these  changes  in  properties. 

A.  An  Electrochemical  Study  Of  Amorphous  Ion  Implanted  Stainless  Steels 

C.  R.  Clayton,  Y-F.  Wang  and  G.  K.  Hubler 

304  and  316  stainless  steel  were  implanted  with  phosphorous  at  40 
keV  or  with  boron  at  25  keV  to  a  fluence  of  1X1017  to  form  amorphous 
surface  alloys.  The  modification  of  the  corrosion  properties  of  the 
steels  was  monitored  by  dynamic  polarization  measurements  in  0.5M 
H2SO4  +  0.5M  NaCl  solutions.  Phosphorous  was  found  to  reduce  the 
current  density  at  the  active-passive  transition  while  Boron  was  found  to 
increase  the  pitting  potential  of  both  steels. 

B.  Modification  Of  The  Passivity  Of  316  Stainless  Steel  By  P  and  B 

Implantation 

C.  R.  Clayton,  Y-F.  Wang  and  G.  K.  Hubler 

The  nature  of  the  passive  films  formed  on  316  stainless  steel  (ss) 
and  on  amorphous  surface  alloys  formed  on  316ss  by  P  and  B  ion 

implantation  have  been  studied.  The  passive  films  formed  on  316ss  at 
+250mV  and  +550mV  (vs  SCE )  in  deaerated  0.5M  H2SO4  were  found  to  be 

crystalline.  Under  identical  conditions  the  passive  films  formed  on  both 
of  the  amorphous  surface  alloys  were  found  to  be  amorphous.  P 

implantation  resulted  in  self-passivation  in  0.5M  H2SO4  and  0.5M 
H2SO4  +  0.5M  NaCl,  but  was  less  resistant  to  pitting  than  316ss.  B 
implantation,  however,  had  no  beneficial  effect  on  the  active-passive 
transition  but  exhibited  a  higher  pitting  resistance  than  316ss.  An 
attempt  is  made  to  explain  the  differences  in  passivity  and  breakdown  of 
passivity  of  the  two  amorphous  surface  alloys  in  terms  of  the  composition 
of  their  passive  films. 
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Modification  Of  The  Localized  Corrosion  Behavior  Of  AI SI  52100 

Steel  By  Ion  Implantation 

C.  R.  Clayton,  W.  K.  Chan,  J.  K.  Hirvonen,  G.  K.  Hubler  and 

J.  R.  Reed 

The  pitting  resistance  of  AISI  52100  steel  in  deaerated  0.01M  NaCl 
(pH  6  buffered)  solution  was  significantly  improved  following  ion 
implantation  with  a)  Cr,  b)  Cr  +  P  and  c)  Ta  ions.  Cr  +P  and  Ta  ion 
implantation  resulted  in  the  formation  of  amorphous  surface  alloys.  The 
improvements  observed  in  pitting  resistance  are  discussed  in  terms  of  the 
effect  of  the  ion  implantation  process  on  the  composition  and  structure 
of  the  carbides  and  martensitic  metal  matrix  and  the  nature  of  the 

passive  films  formed  on  the  surface  alloys  in  the  Cl"  solution. 

D.  Ion  Implanting  Bearing  Surfaces  For  Corrosion  Resistance 

R.  Valori,  D.  Popgoshev  and  G.  K.  Hubler 

A  program  is  currently  underway  to  use  ion  implantation  to  improve 
the  tribological  and  corrosion  characteristics  of  load  bearing  surfaces 
in  both  rolling  element  bearings  and  gears  used  in  aircraft  propulsion 

systems.  This  paper  describes  that  aspect  of  the  program  concerned  with 
the  use  of  ion  implantation  for  surface  alloying  of  bearing  components  in 
order  to  alleviate  the  problem  of  corrosion  in  costly  M50  steel  mainshaft 
aircraft  engine  bearings.  Results  to  date  indicate  that  implantation  of 
selected  ion  species  can  significantly  improve  resistance  to  both 
generalized  and  localized  (pitting)  corrosion  without  adversely  affecting 
bearing  performance  or  fatigue  endurance  life. 


E.  N.  Kaufmann,  R.  G.  Musket,  J.  J.  Truhan,  K.  S.  Grabowski, 

C.  R.  Gossett  and  I.  L.  Singer 

The  oxidation  of  ion  implanted  Ta  in  two  different  high  temperature 
regimes  has  been  studied.  Oxidations  were  carried  out  at  500°C  in 
Ar/02  mixtures,  where  oxide  growth  is  known  to  follow  a  parabolic  rate 
law  in  initial  stages,  and  at  1000°C  in  pure  O2,  where  a  linear-rate 
behavior  is  obtained.  Implanted  species  included  Al,  Ce,  Cr,  Li,  Si  and 
Zr  at  fluences  of  the  order  of  lO^/cm^.  Oxidized  samples  were 
studied  using  Rutherford  backscattering,  nuclear  reaction  analysis.  Auger 
spectroscopy,  secondary-ion  mass  spectroscopy.  X-ray  diffraction  and 
optical  microscopy.  Significant  differences  among  the  specimens  were 
noted  after  the  milder  500°C  treatment,  specifically,  in  the  amount  of 
oxide  formed,  the  degree  of  oxygen  dissolution  in  the  metal  beneath  the 
oxide,  and  in  the  redistribution  behavior  of  the  implanted  solutes. 
Under  the  severe  1000°C  treatment,  indications  of  different  solute 
distributions  and  of  different  optical  features  were  found,  whereas  the 
overall  oxidation  rate  appeared  to  be  unaffected  by  the  presence  of  the 
solute. 
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IV.  OTHER  RESEARCH  AREAS 


Research  reported  in  this  section  includes  investigations  of  ion 
implantation  effects  in  several  areas  other  than  those  covered  in 

sections  II  and  III. 

A.  Magnetic  Properties  Of  Iron  Implanted  Graphite 

N.  C.  Koon,  P.  Pehrsson,  D.  Weber,  and  A.  I.  Schindler 

The  magnetic  properties  of  highly  oriented  pyrolytic  graphite 
(HOPG)  implanted  with  fluences  of  25  keV  iron  atoms  ranging  from  1016 

to  1017  atoms/cm2  have  been  measured.  The  lowest  fluence  specimen 

was  paramagnetic  down  to  2  X,  with  evidence  for  clusters  of  only  a  few 
spins,  while  the  highest  fluence  specimen  was  clearly  ferromagnetic,  with 
magnetization  curves  resembling  those  of  a  set  of  randomly  oriented  soft 
magnetic  planes.  The  critical  fluence  for  formation  of  a  ferromagnetic 
state  appears  to  be  between  1  and  3  X  10^6  atoms/cm2  at  25  keV. 
These  results  can  be  qualitatively  understood  based  on  the  critical 
density  for  percolation  of  near  neighbor  exchange  interactions. 

B.  Physical  Properties  Of  Two  Metastable  States  Of  Amorphous  Silicon 

G.  K.  Hubler,  C.  N.  Waddell,  W.  G.  Spitzer,  J.  E.  Fredrickson  and 

T.  A.  Kennedy 

Characterization  of  the  two  metastable  states  of  amorphous  Si 

produced  by  ion  implantation  were  extended  to  include  electron 
paramagnetic  resonance,  fundamental  absorption  edge,  and  density 

measurements  in  addition  to  infrared  reflection.  It  was  found  that  the 
properties  of  the  two  a- Si  states  are  not  dependent  upon  the  mass  of  the 
incident  ion  (12C,  29Si,  31 pf  120$n)  or  upon  the  anneal 

temperature  for  400°<T/\<6000C.  The  dangling-bond  density  decreased 
by  about  a  factor  of  2,  the  absorption  coefficient  decreased  by  more  than 

a  factor  of  5,  but  the  density  did  not  change  when  the  a-Si  went  through 

a  transition  between  the  two  states. 
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CARBURIZATION  OF  STEEL  SURFACES  DURING  IMPLANTATION 
OF  Ti  IONS  AT  HIGH  FLUENCES 

I.  L.  Singer 
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Carburization  of  steel  surfaces  during  implantation  of  Ti  ions  at  high  fluences 

I.  L.  Singer 


Chemistry  Division  (til  70).  Sat-al  Researeh  Laboratory.  Washington.  D.  (  20J7S 
I  Received  15  November  1482:  accepted  22  December  14821 

Auger  and  nuclear  backscattering  analyses  of  ion-implanted  steels  have  shown  that  surfaces 
implanted  with  carbide-forming  ions  can  develop  excessively  high  carbon  concentrations  well 
into  the  implanted  layer  A  model  is  presented  here  in  which  the  residual  gases  in  the  vacuum 
chamber  interact  with  the  surface  during  implantation  to  carburize  the  surface  Briefly,  |1) 
implanted  Ti  ions  are  "uncovered"  by  sputtering,  (2)  they  react  with  residual  gases  to  form  surface 
carbide  species,  (3i the  carbides  dissociate,  and  (4)  the  carbon  atoms  diffuse  inwards  Composition 
profiles  of  steels  implanted  w  ith  Ti  ions  (5-50  <  IC'^/cnr  at  55  and  140  keVi  are  analyzed  and 
show  n  to  support  the  model  Carburization  occurs  at  a  lower  ftuence  for  55-keV  implants  than  for 
140-keV  implants,  consistent  with  a  nearly  energy-independent  sputtering  yield  for  Ti  into  Fe. 
Implications  of  the  vacuum  carburization  effects  on  surface  alloy  chemistry  and  mechanical 
properties  are  also  discussed 

P ACS  numbers  81  bO  Bn.  82  65. Nz.  61.70.Tm 


I.  INTRODUCTION 

The  ion  implantation  process  is  capable  of  producing  virtu¬ 
ally  any  alloy  by  injecting  any  ion  into  a  solid  surface  1 
With  the  advent  of  high  current  implanters,  it  has  become 
feasible  to  produce  surface  alloys  with  concentrations  up¬ 
wards  of  50  at.  rsr.  Two  consequences  of  high  fluence  implan¬ 
tation  that  have  received  some  attention  are  the  expansion 
Idilationl*  and  sputtering4 '  of  the  implanted  surface  by  in¬ 
coming  ions  A  third  consequence,  only  recently  discovered, 
is  that  the  sputtered  surface  can  interact  with  residual  gases 
in  the  vacuum  system  and  form  unexpected  surface  alloys 
One  such  alloy  was  found  in  Fe  and  in  steel  implanted  with 
Ti  ions  to  high  influences.''  This  alloy  had  an  Fe-Ti-C  com¬ 
position  with  the  unexpected  C  distributed  in  a  diffusionlike 
profile  from  the  surface  inwards.''  '  The  surface  also  dis¬ 
played  remarkable  tribological'"  "  and  chemical1'  proper¬ 
ties  and,  in  addition,  was  found  to  be  amorphous  “ 

This  paper  provides  a  model  for  the  incorporation  of  C 
into  solid  surfaces  during  high  fluence  implantation  of  car¬ 
bide-forming  ions.  Composition  analyses  of  Ti-implanted 
steels  are  presented  in  support  of  the  model  Carbon  incor¬ 
poration  is  attributed  to  the  interaction  of  the  Ti-ion-sput- 
tered  surface  with  residual  carbonaceous  gas  molecules  in 
the  vacuum  chamber  Auger  composition  profiles  of  Ti-im- 
planted  steels  illustrate  the  fluence  and  energy  dependence 
of  the  carbon  incorporation  process  This  process,  because  of 
its  analogy  with  gaseous  carburization  of  steels,  will  be  re¬ 
ferred  to  as  vacuum  carburization. 

II.  EXPERIMENTAL  PROCEDURES  AND  DATA 
ANALYSIS 

A.  Implantation 

Implantation  of  the  AISI-52100  steel  (Fe-1.5Cr-lC  by 
weight)  samples  was  done  with  a  modified  model  200-20A2F 
Varian/Extrion  ion  implanter.1'  Disks  0.45  cm  in  diameter 
and  0.32 -cm  thick  were  heat  sunk  onto  a  water-cooled  hold¬ 
er  and  were  kept  near  room  temperature!  <  40  °C)  during  the 
implantation.  Samples  were  implanted  with  55-  or  140-keV 
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4"Ti  '  ions  in  a  target  chamber  that  was  cryogenically 
pumped  to  pressures  of  about  5-10  Torr  The  ion  beam 
was  scanned  electrostatically  over  the  sample  holder  to  give 
a  uniform  current  density  of  10  to  20/zA/cm  as  measured 
with  a  huilt-m  Faraday  cup  Several  other  steels  with  low 
carbon  content  |304SS  and  101 8)  and  C-free  Fe  were  also 
implanted  and  analy  zed 

B.  Chemical  analysis 

Auger  analysis  was  performed  in  a  UHV  chamber 
equipped  with  a  Perkm-Elmer  l PHI l  model  545  Auger  mi¬ 
croprobe.  a  rasterable  ion  gun.  a  Ti  sublimator.  and  liquid 
nitrogen-cooled  cryopanels.  The  electron  gun  was  operated 
at  2  kV.  with  a  l-/r  A  beam  current,  rastered  over  a  spot  size 
of  50  ftm  to  reduce  the  intensity  Auger  derivative  spectra 
were  recorded  either  directly  or  by  a  peak-height  recording 
multiplexer  with  a  3-eV  modulation  amplitude  The  ion  gun 
was  operated  in  an  Ar  atmosphere  labout  5  v  10  '  Torn 
with  a  rastered  beam  of  2-keV  Ar  1  ions,  at  selected  current 
densities  between  2  and  30  gA/cm'.  Depth  profiles  were 
recorded  during  ion  nulling  with  Ti  sublimators  operating 
and  cryopanels  cooled  to  liquid  nitrogen  temperature  These 
procedures  reduced  contamination  of  ion-milled  surfaces  by 
residual  gas  vapors  to  below  detectable  levels. 

Quantitative  analysis  was  performed  with  the  standard 
normalizing  formalism. 11  Auger  sensitivity  factors  5  were 
obtained  from  reference  samples  of  known  composition1"; 
the  values  are  listed  in  Table  I  for  the  principal  Auger  peaks 
used  to  characterize  each  species  mote  the  shorthand  nota¬ 
tion.  eg,  Ti4.„.  meaning  the  peak-to-pcak  intensity  of  the 
spectrum  around  420  eV  from  T i  Auger  elect ronsi.  The  bulk 


7  ABI  t  I  SensitivK  .  factors  for  Auger  peak  to-pcak  intensities  acquired  at  a 
modulation  amplitude  of  *  eV  and  an  energv  ot  2  keV 
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C  concentration.  4  al.%,  was  subtracted  from  the  C  profile 
curves  in  Fig,  1  in  order  to  portray  the  excess  C  concentra¬ 
tion  In  addition,  the  C-covered  oxides  present  on  all  sur¬ 
faces  were  ignored  Surfaces  of  steel  disks  represented  in  Fig 
1  are  actually  the  metal/oxide  interfaces,  which  are  in  fact 
true  surfaces  during  high  fluence  implantation. 

The  depth  scales  for  the  Auger  profiles  were  established 
by  Michelson  interferometry.  Auger  depth  profiles  were  tak¬ 
en  near  the  edges  of  partially  masked  steel  surfaces  The 
depth  of  an  ton-milled  step  was  later  measured  with  a  Mi¬ 
chelson  interferometer  to  an  accuracy  of  about  ±  5  nm. 
This  procedure  gave  the  depths  at  which  several  composi¬ 
tion  profiles  had  been  terminated.  Since  no  differences  were 
observed  in  the  sputter  rates  of  Ti-implanted  and  nonint- 
planted  steels,  the  depth  scale  was  taken  to  be  proportional 
to  milling  time. 

Energy  dispersive  x-ray  analysis  (EDXl  was  performed 
with  a  20-keV  electron  beam.  At  this  energy,  electrons  excite 
x  rays  in  steel  to  a  depth  of  about  1  5//m.  which  is  at  least  ten 
times  as  great  as  the  Ti-implant  depth.  Hence,  the 
Tin„/FeM(  ratio  can  be  considered  proportional  to  the  Ti 
concentration. 

III.  RESULTS  AND  DISCUSSION 

A.  Titanium  and  carbon  profiles  in  Ti-implanted 

steels 

Composition  versus  depth  profiles  of  the  near  surface  re¬ 
gion  (0-250  nm)  of  Ti-implanted  steels  were  obtained  by  Au¬ 
ger  electron  spectroscopy  in  conjunction  with  2-keV  Ar  ion 
milling.  Ti  profile  curves,  shown  in  Fig.  I  for  55  and  !90keV 


190  keV 


OEPTH(nm) 


Fk>  I  Concentration  vs  depth  profiles  for  1 i  jiu]  {  in  1 1 -implanted  52 1  (Kt 
steel  at  several  fluences  and  energies,  ileft  5.  16.  and  40  ■  10''  ti  cm  at 
55  keV;  i right)  5.  16.  40.  and  50  ■  10"  ti  *  -'em  at  l*k)  keV  Note  hulk  C 
concentration  of  the  steel  (4  at  o; ,  was  subtracted  from  data 
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implants,  evolved  from  Gaussian-like  profiles  at  low 
fluenccs  to  near  sputter-limited  profiles  at  highest  fluences 
In  this  fluence  regime,  an  unexpectedly  large  concentration 
oft’  was  detected  The  profiles  are  diffusion  like  curves,  i  e  ,  a 
high  C  concentration  al  or  near  the  surface  that  falls  off  into 
the  hulk  t Nondestructive  nuclear  backscattering  analysis 
was  also  performed  on  selected  samples  and  confirmed  the 
diffustonhke  C  profile  14  The  concentration  of  carbon  [C]  in 
these  profiles  was  independent  of  the  C  content  of  the  steel 
samples,  it  did  hate,  however,  a  distinctive  dependence  on 
the  implantation  fluence  and  energy  suggestive  of  a  carburi¬ 
zation  process 

This  dependence  of  |C]  on  the  Ti  fluence  and  energy  can 
be  seen  clearly  in  the  composition  versus  depth  profiles  ap¬ 
pearing  in  Fig  I  These  profiles  were  obtained  from  two  sets 
of  52  HX)  steel  samples  implanted  to  fluences  of  5.  16, 40,  and 
50  •  10"'  Ti/cm  at  energies  55  and  190  keV,  respectively  . 
Subsurface  (C].  barely  detectable  i  ~  I  at  %\  below  5  ■  10"’ 
Ti/cnv  at  190  keV.  rose  to  a  significant  fraction  of  the  near 
surface  concentration  at  a  fluence  of  50  >  10"’  Ti/Cm  .  At 
55  keV.  however.  [C]  comprised  a  significant  fraction  of  the 
near  surface  concentration  even  at  a  fluence  of  16  x  10"s  Ti/ 
cm’.  In  general,  the  subsurface  C  buildup  began  at  lower 
fluences  for  lower  implantation  energies  and  ultimately  satu¬ 
rated  at  lower  fluences  for  lower  energies  Icompare  16  and 
40  ■  10"’  Ti  ’  /cm  for  55  vs  190  keV  in  Fig.  1 1.  The  concen¬ 
tration  of  C  at  the  surface  |C),  increased  with  fluence  and 
energy  in  the  same  manner  as  the  subsurface  C  concentra¬ 
tion.  This  behavior  is  also  expected  for  a  diffusionlike  profile 

Ti  profiles,  as  seen  in  Fig.  1 .  evolved  from  Gaussian-like  to 
near  sputter-limited  curves  as  the  fluence  increased.  The 
concentration  ofTi  at  the  surface  |Ti],  also  increased  with 
fluence.  These  concentration  profiles  are  reasonably  well  un¬ 
derstood.  Sputtering  by  Ti  ions  eroded  the  sample,  placing 
more  and  more  of  the  implanted  Ti  atoms  at  the  inward- 
moving  surface. '  The  (Ti),  buildup  began  at  a  lower  fluence 
for  55  keV  ions  than  for  190  keV  ions  (see  Fig.  II-  This  energy 
dependence  reflects  the  deeper  penetration  of  190  keV  ions 
than  55  keV  ions  (projected  ranges  of  59  and  28  nm.  respec¬ 
tively1'!  and  not  an  energy  dependence  of  the  sputtering 
yield."’ 

Sputtering  removed  much  of  the  Ti  in  high  fluence  im¬ 
plants.  especially  at  the  55-keV  implantation  energy.  The 
retained  Ti  dose,  found  by  integrating  the  Ti  depth  profile 
curves  in  Fig.  1 ,  agreed  to  ±  20%  with  EDX  measurements 
of  the  implanted  steel  surfaces.  The  shape  of  the  Ti  profile  at 
h'ghest  fluences  suggests  that  the  net  removal  rate  may  be¬ 
come  less  than  one  atom  per  ion  at  high  fluences.4  The  sub¬ 
surface  peak  in  the  carbon  profiles  also  suggests  that  the 
surface  may  be  expanding  outward.  These  details  will  be 
considered  in  a  later  paper. 

The  surface  concentrations  |Ti],  and  |C],  therefore, 
showed  similar  fluence  and  energy  dependence  and.  during 
the  early  stages  of  C  buildup,  were  nearly  equal  in  value.  Ti 
and  C  also  bonded  chemically  at  the  surface  as  inferred  from 
Auger  line  shape  analysis.  Auger  derivative  spectra,  shown 
in  Fig.  2lal,  are  representative  of  spectra  obtained  from  im¬ 
planted  surfaces  after  ion  milling  through  a  thin  oxide  lay¬ 
er. The  line  shape  of  the  C(A 'LL  I  spectrum  is  identical  to 
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Fit.  2  Auger  item  ative  spectra  of  Cl  A 'LL  arid  \  lIMM  i energy  regions  of 
lupperi  Ti-rmplanlcd  52100  steel  below  orude/mctal  interface  and  'lower 
ton-milled  TrC  powder  I#  indicates  272-eV  C  peak.  A.  420  eV  If  jH.d 


that  observed  for  C( KLL  |  in  TiC,"1  shown  in  Fig  2(b|.  and 
can  easily  be  distinguished  from  other  forms  of  carbon,1'' 
even  the  carbide  present  in  52 100  steel."  The  |  spec¬ 

trum  also  shows  a  line  shape  identical  to  that  observed  in 
TiC,"1  shown  in  Fig.  2(b).  Catoms,  therefore,  were  bonded  to 
Tt  atoms  at  the  surface. 

The  affinity  of  Ti  for  C  at  the  surface,  the  parallel  increases 
of  (Ti),  and  [C|,  with  fluence  and  energy,  and  the  diffu- 
sionltke  profile  of  C  can  all  be  explained  by  a  mode!  in  which 
C  is  gettered  from  the  vacuum  chamber  by  Ti  atoms  that 
reach  the  surface  during  sputtering.  This  hypothesis,  put 
forth  several  years  ago,"  was  recently  verified.'’"  In  the  exper¬ 
iment,  isotopic  ’'CO  gas  was  backfilled  into  a  vacuum 
chamber  during  Ti  implantation  of  steel  surfaces.  Secondary 
ton  mass  spectroscopy  detected  1  'C  profiles  like  those  shown 
in  Fig.  1  at  concentrations  two  orders  of  magnitude  greater 
than  found  in  steels  implanted  without  residual  1  'CO  gas.  It 
has,  therefore,  been  shown  that  implanted  Ti,  after  sufficient 
sputtering  of  the  host  steel,  can  getter  residual  gases  from  a 
vacuum  chamber.  This  process  will  hereafter  be  referred  to 
as  vacuum  carburization. 

B.  A  model  for  vacuum  carburization 

Vacuum  carburization  of  Ti-implanted  steel  can  be  under¬ 
stood  in  terms  of  a  four  step  processes:  1 1 1  sputtering  un¬ 
covers  implanted  Ti;  (2)  surface  Ti  atoms  adsorb  carbona¬ 
ceous  molecules  from  residual  gases  in  the  vacuum  chamber, 
(3)  surface  carbide  species  are  formed  by  dissociation;  and  I4t 
surface  carbon  atoms  diffuse  inward.  Each  of  these  steps  will 
be  treated  in  detail  here. 

Sputtering  During  implantation,  ions  sputter  erode  the 
surface  in  passage  to  their  ultimate  resting  place.  Sputtering 
is  evident  in  the  Ti  profiles  of  Fig.  1,  as  noted  earlier,  espe¬ 
cially  at  higher  fluences.  Ion  erosion  brings  implanted  Ti 
atoms  to  the  surface,  the  vacuum-solid  interface. 

Adsorption:  Once  at  the  surface,  Ti  atoms  are  bombarded 
continually  by  residual  gas  molecules  present  in  the  vacuum 
chamber.  In  chambers  routinely  opened  to  air  and  cycled 
without  baking,  carbonaceous  gas  molecules  such  as  CO  and 
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CO.  are  major  constitutents  of  the  residual  gases  1  At  vacu¬ 
um  pressures  of  approximately  p  10  '  lorr.  typical  of 
present  day  implanters,  residual  gas  molecules  strike  each 
surface  atom  once  each  second 

Whether  or  not  carbonaceous  gas  molecules  are  adsorbed 
by  surface  atoms  depends  on  their  mutual  affinity  1 1  is 
known  to  have  a  high  affinity  for  a  molecule  like  CO.  and  at 
low  surface  coverage  the  sticking  probability  can  be  as  high 
as  one."  To  maintain  an  adorbed  layer,  the  flux  of  residual 
gas  molecules  which  "stick''  must  exceed  the  flux  of  surface 
atoms  sputtered  off  Even  under  optimal  implantation  con¬ 
ditions  \p  -  I  ■  10  "  Torr  and  ion  current  density  J  20 
/r  A/cm  l.  sputtering  cannot  remove  all  the  adsorbed  mole¬ 
cules  from  surface  Ti  atoms:  for  a  sputtering  yield  of  S  5 
atoms /ton1"  the  erosion  flux  for  J  -  20  jiA/cnv  is  4  ■  10M 
atoms/cm' s.  or  1  /2  of  the  residual  gas  flux. 

Dissociation  Adsorbed  carbonaceous  gas  molecules  can¬ 
not  themselves  carburize  the  surface;  they  must  first  disso¬ 
ciate  forming  surface  carbide  species.  In  recent  years,  there 
have  been  many  surface  analytical  studies  of  CO  adsorption 
tin  Ti.  both  experimental1'' ”  and  theoretical. and  all  have 
concluded  that  dissociative  adsorption  occurs  at  or  above 
temperatures  7  -  200  K  Most  Auger  specroscoptsts  who 
have  had  the  occasion  to  sputter  clean  reactive  metals  such 
as  Ti  are  familiar  with  the  buildup  of  carbide  species  ad¬ 
sorbed  from  residual  gases,  even  in  l!HV  chambers  More¬ 
over.  surface  carbide  species,  even  under  electron  and  ion 
bombardment,  are  quite  tenacious  unlike  surface  oxide  spe¬ 
cies.  which  tend  to  dissociate  and  desorb  in  the  presence  of 
electrons  leleetron  stimulated  desorption  1.  4 

Diffusion:  Surface  carbide  species  are  well  attached  to  the 
surface. M  They  may  not  desorb,  like  surface  oxide  species 
They  may  however  dissociate,  freeing  C  atoms  to  diffuse 
inwards  tas dictated  by  thelhermodynamicsl.  The  kinetics  of 
the  diffusion  problem  have  not  yet  been  worked  out  com¬ 
pletely;  however,  the  diffusivity  of  C  in  Fe  at  or  near  room 
temperature  is  compatible  with  measured  distances  of  l(X) 
nm/h. 

Several  additional  effects  should  be  added  to  this  rrnvdel  to 
account  for  the  profiles  obtained  in  Fig  1  In  addition  to 
sputter  eroding  the  surface,  implanted  atoms  dilate  the  lat¬ 
tice  The  radiation  damage  produced  during  implantation 
can  also  affect  the  diffusivity  of  C  in  the  lattice  so  can  the 
presence  of  implanted  Ti.  by  ternary  cross-diffusion  effects 
f  inally,  the  diffusion  equation  must  be  evaluated  for  a  vari¬ 
able  surface  carbon  coverage  Results  of  such  a  calculation 
will  be  forthcoming 

C.  Other  ion-alloy  candidates  for  carburization 

The  discussion  thus  far  has  pertained  specifically  to  ini 
plantation  of  Ti  ions  However,  as  suggested  hv  the  model, 
any  carbide-forming  ton  which  produces  stable  surface  car¬ 
bide  species  at  i  ~  200  K  may  also  lead  to  a  vacuum-carbur¬ 
ized  surface  Thus,  metal  ions  such  as  f  If  .  Zr  ' .  Ta  .  Nb  . 
V  '  .  Cr  •  .  Mn  '  .  and  W  ’  are  potential  candidates  ' 

At  Naval  Research  l  aboratory .  we  have  observed  carbur¬ 
ization  of  a  variety  of  steels  itypes  52100,  204.  M50.  440C. 
10181.  pure  Fe.  \t.  and  Ta  by  a  variety  of  ions  'll.  la. 
Cr  ’  i  Knapp  ct  ai  have  observed  carburization  of  Fe  ini 
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pkinU'i!  with  1 1  anil  Chan  <•;  u/  '  curhuri/ution  of  steel  im¬ 
planted  with  Cr  to  high  fluences 

Vacuum  carburization  may  also  occui  when  carbide  - 
forming  metal  surfaces  are  themselves  exposed  to  radiation 
in  a  vacuum  Two  examples  of  surface  carbide  formation  on 
Ti  have  already  been  cited  1  fhomas  and  Bauer  observed 
carbide  formation  on  \b  surfaces  during  high  temperature 
i/'-10tK)  Ki  H  irradiation  they  speculated  that  beam 
enhanced  or  beam-induced  adsorption  and  dissociation  ol 
residual  CO  and  CO  molecules  was  ic'ponsihlc  for  carbide 
formation 

D.  Implications  of  vacuum  carburization 

Vacuum  carburization  can  affect  the  ion  implantation 
process  as  well  as  the  chemical  and  mechanical  properties  of 
a  sought-after  alloy  surface  Sputtering  produces  the  erosion 
by  which  vacuum  carburization  occurs.  A  carburized  sur¬ 
face  can  in  turn  effect  sputtering  in  several  ways:  the  sputter 
yields,  both  atom  and  ion.  will  most  surely  change  and  the 
ejection  patterns  will  be  different  from  that  of  the  underlying 
crystal  structure  These  may  alter  not  only  the  retained  ton 
dose  and  implant  profiles  but  also  the  information  obtaina¬ 
ble  by  metallographic  analysis  of  ion-etched  surfaces  " 

The  chemical  and  mechanical  properties  of  vacuum-car 
bunzed  surfaces  will,  of  course,  be  greatly  affected  We  and 
others  have  shown  that  vacuum-carburized  Ti-implanted 
steel  can  have  much-improved  tribological  properties.'  "  " 
and  dramatically  alter  corrosion  behavior  1  Microstruc- 
tures  of  vacuum-carburized  52 1(X)“  and  pure  I  e  have  been 
shown  to  be  amorphous.  It  is  also  quite  possible  that  carburi¬ 
zation  might  have  occurred  inTa  '  -implanted  Cu  which  was 
reported  to  have  produced  an  amorphous  layer  at  high 
fluences 

IV.  SUMMARY  AND  CONCLUSIONS 

Auger  composition  profiles  have  demonstrated  the  depen¬ 
dence  that  Ti  ton  fluence  and  energy  exert  on  the  vacuum 
carburization  of  steel  A  model  was  presented  which  ac¬ 
counts  for  the  gettering  of  carbon  from  the  vacuum  system 
by  Ti  atoms  uncovered  during  sputtering  Vacuum  carburi¬ 
zation  can  produce  dramatically  different  alloys  than  the 
intended  binary  with  interesting  consequences  in  chemical 
and  mechanical  behavior  Carburization  effects  should  be 
watched  out  for  when  implanting  with  or  into  carbide  form¬ 
ing  metals  or  alloys 
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Secondary  ion  mass  spectrometry  (SIMS)  has  been  used  to  analyze  the  surface  composition  of 
several  steel  and  Ni-plated  substrates  implanted  with  Ti  ions  15  x  10"  Ti/cm‘  at  190  keV|  SIMS 
showed  clearly  the  carbonaceous  subsurface  layer  previously  reported  in  Auger  and  nuclear 
backscattering  analyses  of  Ti-implanted  Fe-based  alloys.  Moreover,  substrates  implanted  in  a 
vacuum  which  was  backfilled  with  isotopic  1  'CO  gas  showed  20  to  50  x  higher  mass  1 3/  mass  1 2 
ratios  for  surface  concentrations  and  integrated  subsurface  doses  than  substrates  implanted  in 
normal  vacuum  atmospheres  at  pressures  near  10  "  Torr  Auger  analysis  confirmed  the 
subsurface  C  profile  and  found  no  O  (  <  1  at.  %)  below  the  oxide  layer  The  experiments  provide 
direct  evidence  that  C  atoms  can  be  absorbed  from  residual  gas  molecules  in  a  vacuum  chamber 
near  room  temperatures  during  implantation  of  carbide-forming  ions.  A  second  possible  source  of 
C  atoms  is  also  discussed. 

PACS  numbers:  82.65. My,  81.60.Bn,61  70.Tm,  82. 80. Ms 


Anomalously  high  concentrations  (20  at.  e7c)of  carbon 
have  been  detected  in  surfaces  implanted  to  high  fluences 
with  carbide-forming  metal  ions.'  4  Auger  depth  profile'  14 
and  nondestructive  nuclear  backscattering’  ''’  analyses  of 
Ti-implanted  Fe-based  alloys  (the  most  extensively  studied 
system)  have  revealed  a  diffusionlike  profile  of  carbon  atoms 
in  an  amorphous  layer  which  grows  inward  with  increasing 
fluence.  These  results  have  led  investigators  to  speculate  that 
carbon  (C)  is  absorbed  from  the  vacuum  chamber  during 
implantation.  In  this  letter  we  report  direct  experimental 
evidence  that  excess  C  found  in  Ti-implanted  alloys  can 
onginate  from  residual  gas  molecules  in  the  implantation 
vacuum  chamber. 

The  experiment  consisted  of  implanting  Ti  into  sub¬ 
strates  exposed  to  a  partial  pressure  of '  'CO  gas,  then  detect¬ 
ing  1  'C  atoms  in  the  implanted  surface  using  secondary  ion 
mass  spectrometry  (SIMS).  The  "C  atoms  are  expected  to 
pass  from  the  gas  phase  '  'CO  molecules  to  the  solid  surface 
by  a  process  we  call  implant-assisted  vacuum  carburization.4 
During  implantation,  incoming  ions  erode  the  surface  and 
eventually  uncover  previously  implanted  Ti.  At  the  surface, 
Ti  atoms  adsorb  residual  carbonaceous  gas  molecules,  which 
dissociate  to  form  surface  carbide  species.  These  surface  car¬ 
bon  atoms  in  turn  migrate  inwards  during  continued  im¬ 
plantation  bombardment.  CO  gas  was  chosen  for  this  experi¬ 
ment  because  it  has  a  high  probability  of  sticking  to  Ti  at 
room  temperature  and  dissociatively  chemisorbs  to  form 
surface  carbide  species. 7 

Implantation  of Ti  ions,  in  NRL’scryopumped  Varian/ 
Extrion  implanter.  is  normally  performed  with  the  vacuum 
chamber  at  pressures  from  1  to  4  x  10  "Torr  and  at  current 
densities  of  J—  5-20  /iA/ctrr’  (Refs.  1  and  3|  For  the  "C 
experiment,  the  vacuum  chamber  was  pumped  overnight 
and  reached  a  base  pressure  of  p  -  4  v  10  ’  Torr.  The  pres¬ 
sure  rose  to  p  =  6x  10  ’  Torr  with  the  entry  of  a  Ti  ion 
beam  (at/  -  10/iA/cnr’l,  then  top  4x10  "Torr  as ''CO 
gas  was  bled  into  the  chamber  This  pressure  was  maintained 


throughout  the  implantation  period  by  a  continuous  flow  of 
"CO  gas. 

The  sample  sets  consisted  of  three  polished  steel  sub¬ 
strates  (a  high  carbon  steel,  a  low  carbon  steel,  and  an  18 
Cr  Ni  steel1*  and  one  Ni-plated  substrate.  Substrates  were 
pasted  to  a  water-cooled  holder  (to  keep  the  temperature 
below  40  °C)  then  implanted  to  a  fluence  of  5  X  10"  Ti/cm; 
at  190  keV.  One  set  was  implanted  with  the  "CO  gas  pres¬ 
ent,  a  second  set  at  normal  vacuum  conditions  (i.e.,  without 
'  'CO  gas),  and  a  third  set  remained  nonimplanted. 

Composition  versus  depth  profiles  of  the  implanted  lay¬ 
er  were  obtained  by  Auger  electron  spectroscopy  and  SIMS 
Auger  data  were  obtained  during  2-keV  Ar-ion  milling  with 
a  CMA  analyzer  with  a  3-V  modulation  voltage  and  a  2-kV 
electron  beam  voltage.  SIMS  data  were  acquired  on  a  Ca- 
meca  ion  microscope  (Model  IMS-300)  using  a  5.5-keV  07 
primary  ion  beam.  The  beam  was  rastered  over  an  area  typi¬ 
cally  0.6  x  0  9  mm  at  currents  from  500  to  800  nA.  The  weak 
positive  secondary  ion  signals  of  C  and  O  required  count 
times  1 00  x  longer  than  the  strong  positive  metal  ion  signals. 
All  samples  were  sputter  cleaned  for  1 5  s  prior  to  counting  to 
avoid  the  strong  secondary  ion  peaks  resulting  from  the  con¬ 
taminated  oxide  surface.  The  mass  12  intensity  is  taken  to 
represent  |;C '  ions.  The  mass  13  intensity  should  be  princi¬ 
pally  "C* ,  although  some  CH4 ,  also  mass  13,  may  contri¬ 
bute  due  to  the  lack  of  UHV  conditions  in  the  SIMS  vacuum 
chamber. 

Figures  1(a)- 1(c)  present  selected  SIMS  profiles  for  the 
1 8Cr  8Ni  steel  substrates.  The  C  introduced  into  the  surface 
by  Ti  implantation  is  clearly  identified  as  the  mass  12  and 
mass  13  intensities  (i.e..  '‘’C  and  "C  curves)  in  Figs.  I(al  and 
1  (b);  the  cross-hatched  and  dot  ted  areas  indicate  the  excess  C 
above  steady-state  values.  The  excess  C  concentration  found 
in  the  nonimplanted  substrates  (Fig.  l(c)J  is  quite  small,  al¬ 
beit  exaggerated  by  the  logarithmic  scale;  it  probably  result¬ 
ed  from  beam  mixing  of  carbonaceous  overlayers  found  on 
all  surfaces  Both  excess  carbon  curves,';C  and  "C,  fall  to 


457  Appl  Phys  Let!  43(5).  i  September  1983  0003-6951  /83/ 1 70457-03*01  00  c  1 983  American  Institute  ot  Physics  457 


18 


Mead) -slate  ( hulk t  values  with  diffusionhke  tails,  consistent 
w  ith  Auger  results  Ishown  below  i.  1  lie  steady  -st  ate  mass  I  3/ 
mass  12  ratio,  however,  is  less  than  one  half  of  the  expected 
isotopic  '  V/'V  ratio  1 1  -  Wt;  we  believe  that  CM  '  may  have 
contributed  to  the  mass  13  intensity 

Figure  I  (at  provides  direct  evidence  for  the  adsorption 
ofC  from  the  gas  phase  It  shows  a  much  greater  proportion 
of  |lC  than  Fig.  l|bl  (the  substrate  implanted  without  '  'CO 
gash  the  mass  13/mass  12  intensity  ratio  at  the  surface,  ap¬ 
proximately  1:1.  is  more  than  30  ■  greater,  and  the  integrat¬ 
ed  mass  13/mass  12  dose  ratio  is  approximately  40  ■ 
greater  Similar  ratio  values  were  obtained  from  the  two  oth¬ 
er  steel  samples. 

The  Ni  substrates  also  had  excess  C  after  Ti  implanta¬ 
tion  and  enhanced  mass  1 3/mass  1 2  ratios  for  the  substrate 
implanted  in  the  presence  of  1  ‘CO  gas,  as  shown  in  Fig  2 
There  were,  however,  two  differences  in  the  spectra  of  ft- 
implanted  Ni  and  Ti-implanted  steels  First,  more  excess  C 
was  found  in  the  steels  than  in  the  Ni.  despite  identical  im¬ 
plantation  conditions  and  similar  Ti  concentration  profiles 
This  difference,  indicated  by  the  mass  1 2  or  mass  I  3  to  mass 
48  ratios  in  Figs.  1  and  2,  has  also  been  verified  by  Auger 
composition  versus  depth  profiles  Inot  shown!  Vacuum  car¬ 
burization,  however,  is  a  complicated  interplay  of  sputter¬ 
ing,  chemisorption,  and  diffusion  (probably  radiation  en¬ 
hanced),  and  factors  affecting  the  carburization  rates  of 
different  metals  are  not  understood.  For  example.  Cr  atoms 
on  the  l8Cr  8Ni  steel  surface  might  provide  a  second  site  for 
C  adsorption,  thereby  enhancing  the  C  absorption  rate  A 
second  difference  was  that  the  mass  1  3/mass  1 2  ratio  in  the 
"CO-on-Ni  substrate  reached  three,  but  was  nevei  mole 
than  one  for  the  '  ‘CO-on-xteel  substrates 

One  of  the  unanswered  questions  of  the  SIMS  analysis 
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is  why  the  mass  13/mass  12  is  not  greater  than  obsetved  II 
the  1  VO  gas  pressure  was  las  measured t  seven  times  gt eater 
than  the  background  pressure  and  1  CO  has  a  sticking  o  «-th 
cicnt  as  high  as  any  other  residual  gas  species  .as  expected  . 
then  the  "C/ '  C  ratio  should  be  at  least  ~  I  -We  u'Mimv  that 
the  ionization  yields  of  '  C  and  ‘C  are  the  same,  and  .si 
verified  that  the  gas  bottle  contained  mol  rl  C< )  ( im¬ 
possible  explanation  for  the  lower  ratio  IS  that  a  huge  (lax -a' 
neutral  low -energy  contaminant  molecules  e  g  .  CO  CO  . 
Clip  may  have  "streamed”  along  with  the  ton  beam  A  latgi 
increase  in  the  local  pressure  at  the  (argil  would  !><•  mea- 
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sured  as  a  small  increase  in  the  overall  chamber  pressure; 
this  “streaming"  may  account  for  the  rise  in  background 
pressure  from  4\I0  to  6  x  10  ’  Torr  when  the  Ti '  beam 
was  turned  on. 

The  relative  concentrations  of  C  to  ()  absorbed  during 
Ti  implantation  in  ''CO  gas  were  obtained  from  Auger 
depth  profiles  of  the  steel  and  Ni  substrates  Figure  3  pre¬ 
sents  selected  Auger  depth  profiles  of  the  near  surface  region 
of  the  18Cr  8Ni  steel  analyzed  in  Fig.  lial.  The  surface  ox- 
ide/metal  interface  was  profiled  slow  ly  l J  -  5 // A/cm' I  with 
a  2-keV  Ar  ‘  ion  beam  The  C  signal  rises  to  near  maximum 
value  at  the  oxide/metal  interface,  w  here  the  O  signal  from 
the  oxide  layer  falls  to  negligible  intensity  dess  than  1  at  r< 
concentration!  The  remaining  profile,  taken  at  a  faster  rate 


I J  -  30  /i  A/cm  I.  shows  C  falling  off  with  a  diffusionltke  tail 
and  O  never  reappearing.  Therefore,  only  thcC,  not  the  ().  is 
selectively  absorbed  during  the  implant-assisted  vacuum 
carburization  process. 

The  main  finding  of  this  experiment  is  that  excess  car¬ 
bon  in  the  Ti-implanted  surface  originated  from  residual 
gases  in  vacuum  system.  We  have  shown  here  that  vacuum 
carburization  can  occur  in  Ni  as  well  as  Fe  alloys,  and  the  C 
but  not  O  is  absorbed.  Recently,  one  of  us  iILSi  has  reported 
that  Cr  and  Ta  implants  also  carburize  metals  and  suggested 
that  carburization  should  occur  for  any  strong  carbide  for¬ 
mer  implanted  to  high  fluences  /Ref.  4.  see  also  Ref  2).  Im¬ 
plant-assisted  vacuum  carburization  is  expected  to  occur  so 
long  as  the  incident  flux  of  residual  gas  molecules  is  greater 
than  the  sputtering  rate  by  ihe  ion  beam  This  hypothesis  is 
now  being  tested  at  NRL  b\  performing  implantations  at 
high  dose  rates  in  a  UHV  chamber,  with  and  without  11 CO 
gas  These  investigations  should  also  reveal  whether  conta¬ 
minant  streaming  contributes  to  implant-assisted  carburiza¬ 
tion  in  high  vacuum 

We  thank  Russ  Jeffries  for  assistance  w  ith  sample  prep¬ 
aration  and  Auger  analysis.  Bob  Olfky  and  Randy  Walker 
for  assisting  with  the  implantation,  and  Dave  Baldwin  and 
Wayne  Rabalais  for  discussion  about  streaming  eontamina- 
tion. 
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ABSTRACT 


Concentration  vs.  depth  profiles  have  been  calculated 
for  Ti  and  C  in  52100  Ti-implanted  steel.  A  computer 
formalism  was  developed  to  account  for  diffusion  and  mixing 
processes,  as  well  as  sputtering  and  lattice  dilation.  A 
Gaussian  distribution  of  Ti  was  assumed  to  be  incorporated 
at  each  time  interval.  The  effects  of  sputtering  and  lattice 
dilation  were  then  included  by  means  of  an  appropriate 
coordinate  transformation.  C  was  assumed  to  be  gettered 
from  the  vacuum  system  in  a  one-to-one  ratio  with  the 
surface  Ti  concentration  up  to  a  saturation  point.  Both  Ti 
and  C  were  allowed  to  diffuse.  A  series  of  experimental 
(Auger)  concentration  vs.  depth  profiles  of  Ti  implanted 
steel  were  analyzed  using  the  above-mentioned  assumptions. 
A  best  fit  procedure  for  these  curves  yielded  information  on 
the  values  of  the  sputtering  yield,  range  and  straggling, 
as  well  as  the  mixing  processes  that  occur  during  the 
implantation .  The  observed  values  are  in  excellent 
agreement  with  the  values  predicted  by  existing  theories. 
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Ions  implanted  to  high  fluences  (>  10  /cm  )  in  metals  are  capable 
of  creating  unique  alloys  with  remarkable  mechanical  and  chemical  properties. 
An  example  of  such  an  alloy  is  the  wear-resistant  amorphous  layer  formed 
when  Ti  is  implanted  into  52100  steel  (1).  This  layer  forms  by  adsorbing 
carbon  from  residual  gases  in  the  vacuum  chamber  (2),  assisted  by  Ti  atoms 
which  reach  the  surface  by  sputter  erosion  during  implantation. 

The  present  paper  describes  a  computational  method  for  modeling  high 
fluence  implantation  and  presents  calculated  Ti  and  C  depth  profiles  which 
mimic  those  observed  for  the  above  mentioned  Ti  implantation  into  52100 
steel.  The  model  accounts  for  ion  collection,  sputtering  and  lattice  dilation 
in  a  manner  similar  to  the  earlier  treatments  by  Schultz  and  Wittmaak  (3) 
and  Krautle  (4)  . 

It  also  considers  the  diffusion- like  transport  processes  which  affect  the 
shape  of  the  evolving  profiles  and  incorporates  the  vacuum  carburization 
process  elucidated  by  Singer  (2).  The  formalism  is  based  on  a  numerical 
solution  of  the  coupled  diffusion  equations  for  implanted  Ti  and  adsorbed  C. 
Effective  diffusivities  for  the  two  species  and  sputtering  yield  by  Ti  ions 
were  obtained  by  comparison  of  the  calculated  and  experimental  profiles. 
The  experimental  data  modeled  in  the  present  work  were  obtained  by  Singer 
(2) 

THEORETICAL  CONSIDERATIONS 

The  profile  of  Ti  implanted  to  high  fluences  is  affected  by  four 
processes : 

o  Ion  collection,  with  a  Gaussian  distribution 
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o  Sputter  erosion  of  the  surface 
o  Lattice  dilation  as  a  result  of  ion  collection 
o  Diff usion-like  broadening  resulting  from  the  collision 
cascades  or  radiation -enhanced  diffusion 
The  adsorbed  C  profiles  are  affected  by  two  processes: 
o  Surface  buildup  of  C  as  a  function  of  time 
o  Diffusion-like  penetration 

The  term  dlffusion-like  '  is  used  here  to  denote  transport  processes  that 
obey  Pick  s  second  law  (5)  which  represents  thermal  and  radiation-enhanced 
diffusion,  as  well  as  cascade  mixing  (6).  The  diffusion  equations  were 
solved  for  D-j-(  and  values  which  best  fit  all  the  experimental  curves. 

In  these  calculations  Dy(  and  D^.  were  approximated  as  constants,  as 

suggested  by  the  calculations  of  Eltoukhy  et  al.  (7).  Nion-zero  values  for 
Dy^  indicate  the  relative  importance  of  diff  usion-like  mixing  under  the 

conditions  of  implantation  studied.  We  emphasize  that  both  and  Dy 

should  be  considered  as  effective  diffusivities ,  since  they  may  result  from 
processes  other  than  thermally  activated  diffusion.  The  boundary  condition 
is  the  surface  carbon  concentration  as  a  function  of  time,  taken  from  the 
model  for  vacuum  carburization  presented  by  Singer  (2).  The  model 
predicts  a  surface  concentration  of  C  that  is  proportional  to  the  amount  of 
Ti  exposed  at  the  surface.  As  a  first  approximation  it  can  be  assumed  that 
every  exposed  Ti  atom  adsorbs  a  C  atom.  This  assumption  is  justified  by 
the  experimental  data  for  surface  contents  up  to  concentrations  around  16 
ato  where  there  appears  to  be  a  saturation  of  the  adsorbed  carbon. 
Therefore,  the  boundary  condition  used  is  that,  at  the  surface,  the  C  and 
Ti  concentrations  are  equal. 

The  diffusion  equations  were  solved  by  a  finite  difference  technique, 
the  Cranck-Nicholson  method  (5,8).  At  each  time  step  of  the  calculation  a 
Gaussian  distribution  of  collected  Ti  was  added  to  the  existing  profile,  which 

was  initially  zero.  Also,  the  C  concentration  at  the  su rf ace,  [C ] s ,  was 
made  equal  to  the  Ti  concentration  for  every  time  increment.  In  addition,  at 
each  time  step  coordinate  transformations  were  performed  that  accounted  for 
the  sputter  erosion  of  the  surface  and  the  lattice  dilation 

RESULTS 

The  formalism  described  requires  the  input  of  the  following  parameters: 
o  Range  and  range  straggling  of  Ti  ions  in  steel.  These  values  were 
obtained  from  calculations  done  using  LSS  theory  as  described  in  the 
Manning  and  Mueller  procedure  (9). 

o  Flux  of  the  incoming  ions  which  can  be  obtained  from  the  experimental 
conditions  as  fluence  per  unit  time.f  The  Ti  flux  is  converted  to  added 
thickness  per  unit  time,  using  the  atomic  density  of  the  52100  steel. 

(f  =  9.26  x  10^  at/sec  cm",  n  =  8.21  x  10  at/cm^  ) 

o 

o  Effective  diffusivity  of  C,  which  was  varied  in  order  to  obtain  a  good 
fit  with  the  experimental  C.  profiles 

o  Effective  diffusivity  of  Ti.  which  was  varied  in  order  to  obtain  the  best 
fit  to  the  experimental  Ti  profiles. 

o  Sputtering  yield  (  S  ),  which  can  be  obtained  directly  from  the 

experimental  data  by  considering  the  total  area  under  the  profiles.  As 

an  additional  confirmation  the  sputtering  yield  was  allowed  to  vary  in  a 
best  fit  procedure  to  the  experimental  profiles.  This  was  done 
simultaneously  with  the  variation  of  the  Ti  diffusivity. 

The  effect  of  lattice  dilation  was  found  to  be  very  important.  Calculations 
were  done  without  lattice  dilation,  and  it  was  observed  that  the  only  way  to 
get  agreement  with  experimental  values  was  to  use  a  range  and  range 

straggling  that  are  very  much  different  from  the  ones  predicted  by  the 
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Manning  and  Mueller  formalism.  For  190  kev  a  good  fit  without  the  lattice 

dilation  effect  required  values  of  R  =  900  A°  and  AR  -  500  A°,  which 

P  P 

are  almost  double  of  the  LSS  values  (R  =  590  A°  and  aR  =  230  A0  ) 

P  P 

Since  this  discrepancy  is  unlikely  it  was  concluded  that  the  lattice  dilation 
effect  is  absolutely  necessary  to  describe  high  fluence  ion  implantation 
profiles  . 

The  next  series  of  calculations  included  the  lattice  dilation  effect  but 
did  not  consider  a  diffus<on-l<ke  process  for  Ti.  It  was  observed  that  the 
calculated  curves  were  consistently  narrower  than  the  experimental  ones 
This  suggested  that  a  diffusion-like  process  is  indeed  necessary  to  account 
for  the  observed  results.  When  both  diffusion  and  lattice  dilation  were 
included  in  the  calculations ,  only  one  combination  of  S  and  D-^  values 

resulted  in  Ti  profiles  that  fit  all  the  seven  measured  profiles.  These 

- 1 5  1 

values  were  D*  =  6x10  cm  /sec.  and  S  =  2.0 

I  i 

The  sensitivity  of  the  profiles  to  the  value  of  S  can  be  seen  in  Fig  1 
for  six  of  the  seven  experimental  curves  studied.  (The  profile  for  190  kev 

1 6 

at  lowest  fluence  of  5x10  was  found  to  be  insensitive  to  the  variation  of 
the  parameters  of  interest  and  therefore  is  not  shown)  Fig.  1  shows 
calculated  and  experimental  Ti  vs.  depth  profiles  for  3  fluences  at  each  of 
two  energies.  As  expected,  the  effect  of  increasing  sputtering  yield  is  to 
move  the  profiles  closer  to  the  surface.  The  value  of  S  that  best  describes 
the  experimental  curves  seems  to  decrease  from  a  value  somewhat  greater 
than  2.0  to  a  value  less  than  2.0  as  the  fluence  increases.  This  is 

consistent  with  the  value  of  1.9  derived  directly  from  experimental  data 
The  results  of  Fig.  1  were  calculated  for  a  Ti  effective  diffusivity  of 

6x10  ^  crrT/sec. 
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Fig  1  Experimental  (heavy  line)  and  calculated  Ti  profiles  for  several  values 
of  S  [  c  -  1.0,  A  -  2.0,  *  -  3.0  ],  with  Dy-  =  0.6x10  ^(cm“/$). 


is  shown 


The  sensitivity  of  the  calculated  profiles  to  the  value  of  Dj| 

in  Fig.  2.  This  figure  shows  calculations  done  for  a  sputtering  yield  of 
2.0.  These  results  include  the  ones  obtained  in  the  absence  of  diffusion 
broadening,  showing  that  the  experimental  data  are  consistently  broader.  A 
value  of  Dy|  different  from  zero  results  in  better  agreement  with 

experiment.  An  order  of  magnitude  estimate  of  the  transport  process 
present  can  be  obtained  from  these  figures  which  is  approximately, 

D-  -  6x10  ^  cm"  sec . 

T  i 
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Fig  2  Experimental  (heavy  line)  and  calculated  Ti  profiles  for  several  values 
of  D^-.  [(xlO  *  cm"/s)  c  -  0.0,  4  -  0.6,  *  -  1.0  ],with  S=2.0. 

Fig.  3  shows  the  calculated  carbon  concentration  profiles  compared  to 
experiment.  In  this  figure  calculations  are  presented  for  different  values  of 

D^,  with  [C]S  restricted  to  <  16  atV  As  an  order  of  magnitude 

estimate  it  may  be  concluded  that  the  value  of  the  effective  diffusivity  of 

- 1 5  2 

carbon  is  around,  -  6x10  cm"/sec. 

DISCUSSION 

The  calculated  composition  vs.  depth  profiles  are  in  good  agreement 
with  the  experimentally  determined  profiles  for  high  fluences  of  Ti  implanted 
into  steel.  The  computational  method  described  takes  into  account  the  effect 
of  sputtering  and  lattice  dilation,  as  done  by  previous  investigators.  In 
addition,  it  is  able  to  describe  diffusion-like  processes.  Other  phenomena 
may  also  be  present  in  high  fluence  ion  implantation,  namely  preferential 
sputtering  and  radiation  induced  segregation.  The  agreement  between 
experimental  and  calculated  profiles  that  was  obtained  in  the  present  work 
suggests  that  these  effects  are  not  very  significant  in  the  case  studied. 

Several  conclusions  about  the  implantation  alloying  process  can  be 
drawn  from  the  results  of  the  present  work.  First,  the  lattice  dilation  and 
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Fig  3  Experimental  (heavy  line)  and  calculated  C  profiles  for  several  values 
of  Dc  [(  xl0~14cm2/s)  o  -  0.3, A  -  0.6,  *  -  1.0  ],with  S=2.0. 

the  sputter  erosion  of  the  surface  must  be  included  in  order  to  obtain 
reasonable  agreement  with  experiment  based  on  the  values  for  range  and 
straggling  given  by  LSS  theory. 

Second,  the  sputtering  yield  of  steel  by  Ti  atoms  is  approximately  2.0 
at  fluences  below  those  needed  to  form  a  carburized  surface,  but  less  than 
two  at  higher  fluences.  A  sputtering  yield  of  2.5  s  .5  has  been  measured 
for  Ar  in  Fe  and  stainless  steel  targets  (10).  It  is  possible  that  the 
sputtering  yield  of  Ti  is  lowered  when  it  is  bonded  to  C.  It  is  even 
possible  that  the  anomalous  dips  in  the  self  sputtering  yield  of  reactive 
metals  (V,  Ti,  Zr,  Nb,  Hf,  Ta)  presented  by  Almen  and  Bruce  (11)  over 
twenty  years  ago  are  attributable  to  carburization  effects. 

Third,  the  broadened  profiles  obtained  experimentally  can  be 

-15 

understood  in  terms  of  an  effective  diffusivity  for  Ti  of  Dj.  =  6x10 
2 

cm  /sec.  Since  this  diffusivity  occurs  thermally  at  580°C  (12)  it  is  clear 
that  the  diffusivity  observed  in  the  present  problem  is  implantation-induced. 
For  typical  implantation  conditions  the  effective  diffusivity  due  to  collision 
cascades  is  known  to  be  of  this  order  of  magnitude  (13).  Furthermore,  if 
following  Myers,  the  effective  diffusion  coefficient  is  calculated  on  the  basis 
of  the  Kinchin-Pease  relation  (6)  the  value  obtained  is  of  the  same  order  of 
magnitude  as  the  one  obtained  by  using  the  parameters  of  the  present 
problem . 

Finally,  a  diffusion-like  process  accounts  nicely  for  the  inward 
migration  of  C  into  steel  during  Ti  implantation.  The  assumption  of  a 
saturation  value  for  the  C  adsorbed  on  the  surface,  which  resulted  in  better 
agreement  with  experiment,  is  reasonable  for  a  sputtered  surface. 

The  present  model  cannot  definitely  identify  the  mechanism  of  the 
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observed  effective  diffusion  of  C,  6x10  cm  /sec.  Three  processes 
can  contribute  to  this  effective  diffusivity  value.  These  are  thermal  (non- 
enhanced)  diffusion,  radiation  enhanced  thermal  diffusion  and  cascade 
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mixing  The  thermal  diffusion  of  C  in  Fe  at  the  sample  temperature 

,|0  . 

(  40°C)  is  10  cm'/ sec  (14),  and  therefore  contributes  only  2°o  of  the 
migration  process,  A  recent  Montecarlo  type  calculation  for  the  collision 

cascade  effect  during  the  carburization  of  Cr  implanted  Cr  could  not  account 
for  the  majority  of  the  C  adsorbed  as  observed  experimentally  (15).  It 
appears  that  in  the  present  case  both  collision  cascades  and  radiation- 
enhanced  diffusion  may  contribute  to  the  inward  migration  of  C,  although 

the  latter  may  be  more  significant.  The  chemical  affinity  of  C  for  Ti  might 

also  enhance  C  diffusion. 

CONCLUSIONS 


The  formalism  developed  permits  quantitative  evaluation  of  several  of 
the  dynamic  processes  present  in  high  fluence  reactive  ion  implantation.  For 
the  case  of  Ti  implanted  into  52100  steel  the  following  can  be  concluded: 
the  sputtering  yield  decreases  from  a  value  greater  than  2.0  to  a  value 
smaller  than  2.0  as  fluence  increases,  probably  due  to  the  incorporation  of 
carbon  with  increasing  fluence. 

It  is  necessary  to  account  for  some  mixing  process  for  Ti  in  order  to 
explain  the  experimental  results.  Alternati vely  a  range  and  straggling  that 
are  very  different  from  those  predicted  by  LSS  theory  have  to  be  assumed. 
The  order  of  magnitude  of  this  mixing  process  is  characterized  by  a  value  of 


- 1 5  2 

D-r  =  6x10  cm  /sec.,  which  is  consistent  with  a  cascade 
T  i 

mechanism. 

The  mixing  process  responsible  for  C  penetration  can  be 
Pick's  law  and  is  characterized  by  an  effective  diffusion 


mixing 

described 

coefficient 


by 

of 


-15  ■> 

=  6x10  cm'/sec.  It  appears  that  both  radiation  enhanced 

diffusion  and  cascade  mixing  contribute  to  the  inward  migration  of  C.  The 
amount  of  C  adsorbed  at  the  surface  can  be  adequately  described  by  a  one 
to  one  relation  with  the  amount  of  Ti  at  the  surface  up  to  a  certain 
saturation  limit  around  16  at.q0  carbon. 
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ABSTRACT 

The  Boltzmann  transport  equation  is  used  to  describe  a  beam  of  ions  of 
atomic  species  1  (1 -atoms)  bombarding  a  target  modelled  as  an  amorphous 
mixture  of  2-atoms  and  3-atoms.  In  a  manner  familiar  in  nuclear  reactor 
theory,  the  method  of  characteristics  is  used  to  integrate  the  resulting  transport 
equations  An  exact  expression  for  the  migration  flux  J j  of  3-aloms  is  obtained 
in  closed  form  This  expression  can  be  evaluated  in  terms  of  a  power  series  in 
a  distance  parameter  s.  For  the  case  of  slowly  varying  density  A/j  of  3-atoms, 
Kick’s  law,  relating  Jj  to  the  gradient  of  .Vj,  is  derived  from  this  expression,  it 
is  given  by  the  lowest  order  term  of  the  power  series.  J ,  is  shown  to  be  pro¬ 
portional  to  the  bombarding  flux.  Concomittantly,  a  closed  expression  for  the 
mixing  parameter  in  Fick’s  law  is  obtained,  which  allows  a  calculation  of  this 
quantity  for  realistic  interatomic  potentials.  A  model  Kinchin-Pease  displace¬ 
ment  cascade  is  proposed,  which  is  expected  to  allow  a  reasonable  first  approxi¬ 
mation  calculation  of  the  mixing  parameter  in  Pick's  law  It  is  deduced  that  the 
mixing  parameter  will  depend  sensitively  on  the  lattice  displacement  energy. 
This  dependence  constitutes  a  physical  mechanism  for  chemical  effect  in  cas¬ 
cade  mixing,  as  well  as  for  fluence  and  temperature  dependence  of  cascade  mix¬ 
ing. 


INTRODUCTION 

Ha ff  and  Switkowsky  III  have  propose d  a  model  for  cascade  mixing  in  which  atomic  migration 
under  ion  bombardment  derives  from  a  mechanism  somewhat  similar  to  that  of  gaseous  diffusion 
driven  by  concentration  gradients.  Matteson  (2l  has  examined  this  process  from  the  point  of  view 
of  the  theory  of  random  flights.  In  the  present  work,  we  propose  to  discuss  this  process  on  the 
basis  of  the  Boltzmann  transport  equation. 


REVIEW  OF  LINEAR  TRANSPORT  THEORY 

It  is  assumed  that  the  targei  can  be  modelled  as  being  amorphous,  and  that  all  atomic  interac¬ 
tions  take  place  through  uncorrelated  binary  atomic  collisions  It  is  further  assumed  that,  in  all 
atomic  collisions,  one  of  the  atoms  is  at  rest  in  the  laboratory  frame.  Consider  the  case  of  a  beam 
of  atomic  species  1  bombarding  a  target  of  atomic  species  2  containing  an  impurity  of  atomic 
species  3,  and  let  i ha(7,V,r)d,r  d3v  be  the  number  of  atoms  of  atomic  species  a  (a  —  1.2,  or  3) 
located  at  time  r  in  space  d’r  about  7  and  having  velocity  d’v  about  v  Correspondingly, 
ja{7,  v.l)  ■  ndSd’vdr  is  the  number  of  a-aloms  (particles  of  atomic  species  a)  with  velocity  d’v 
around  v  crossing  an  element  of  area  dS  with  unit  normal  n  in  time  dr  around  r.  Let 
<xSa(v’  —  \\7)v'<hg(7,v',i)  dVd’vd’r  dr  be  the  number  of  a-atoms  emitted  into  the  phase  space 
region  d’r  d’v  about  7 and  v  in  time  dt  due  to  collisions  in  which  a  0-atom  of  velocity  d’v'  about  v' 
collides  with  an  a-atom.  It  follows  from  these  definitions  that  13] 

£j"  crga  <v'  —  v,7)d’v  -  (Tgtv’.r  ),  (1) 

a 

where  crB  is  the  total  cross  section  for  /3-aioms;  that  is,  the  reciprocal  mean-free  path  of  these 
atoms.  Let  qa(7,v.t)d'rd3vdt  be  the  number  of  a-atoms  inserted  into  the  phase  space  region 
dVd’v  about  7  and  v  by  external  sources  in  time  dt  about  r,  and  let  Qea(7,V.r)d}rd>vdt  be  the 
corresponding  number  of  a-atoms  inserted  by  collision  in  which  a  0-atom  strikes  an  a-atom  From 
the  above  definitions  one  has 

P^a(r,  v,r)  -  J*  <7-#a(v'  —  v  ,7 )v'.j.B(r,  v'.rtdV.  (2) 
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(3) 


Simple  conservation  of  particles  leads  to  the  Boltzmann  equation  (3 1 
3ii„  - 

-j7  +  V  ’  +  v<r„<l>a  “  4a  +  J,  C>0a- 


In  a  manner  familiar  in  nuclear  reactor  theory,  the  method  of  characteristics  of  the  theory  of 
partial  differential  equations  can  be  applied  to  integrate  the  above  Boltzmann  equation  |4|  A 
characteristic  or  ray  in  (7,t)  space  is  determined;  in  our  case  it  turns  out  to  be  the  line 


7  —  70  +  s  n 


(4) 


where  fl  is  the  unit  vector  defined  by  v  —  vfl,  and  s  is  a  parameter  determining  arc  length  along 
the  ray  (4).  Along  this  ray  0„(7v,r)  becomes  a  function  <l/a(s,V)  of  s  and  v,  with  <h,(s.  v)  - 
<11,(7 o  +  sfl,v,r0  +  s/v).  For  different  choices  of  initial  conditions  (70,t0)  the  rays  (4)  map  out  all 
of  (7,t)  space.  Along  the  ray  (4),  the  Boltzmann  equation  (3)  becomes 

v  +  v<r>»  “  o.  +  I  0*.  <5) 

which  is  easily  integrated  to  yield 

ifr„(j.v)  -  ce~Fi,)  +  —  e~Ft,)  f  er',)  i?a(s')  +  T  (?«a(s')  Ids'  (6) 

V  •/0  w- 

with 

F(s)  -  J*o  o-,(s')ds'.  (7) 

We  shall  be  concerned  with  the  steady  state,  which  is  obtained  by  considering  the  bombarding  beam 
to  be  constant  in  lime  and  doing  the  integration  in  (6)  for  — <  s’  $  0,  which  corresponds  to 
times  -oo  <  r  <  0.  Upon  making  the  change  of  variable  -s'  to  s',  one  obtains  for  the  steady-state 
density  function 

<ia(0)  -  - /"  e-ru'l +  £  Qt,(-s'))ds'  (8) 

v  0  e 

with 

F(s)  -  fg’ <rj-s')ds'.  (<J) 


FICK'S  LAW  FOR  CASCADE  MIXING 

Consider  the  flux  of  impurity  atoms  due  to  atomic  collisions  during  ion  bombardment.  From 
the  definitions  above  one  has  for  this  flux 

y3(r,r)  —  J*  vibjf r\v,r)d3v.  (10) 

The  7 dependence  of  the  collision  cross  section  derives  from  the  spatial  variation  of  atomic  densities 
N,  in  the  target,  which  is  explicitly  displayed  by  writing 

<78a(v  —  7,7)  -  N,(7)  Ke,(\  —  v).  (ID 

A  key  point  of  the  present  work  is  the  observation  that  the  integral  form  of  the  Boltzmann  equation 
immediately  yields  the  atomic  migration  currents  in  closed  form  For  the  steady-state  flux,  one  has 
from  Eq.  (8) 

J,(7 o>-  £/ 

t 

with 

F(s)~  jQ’ <r,(-s')ds‘.  (13) 


d’vfi  f“  ds’er,,,f  d’v'N^-s')  Ar„j(v'-  v s',  vW,  (12) 


31 


The  term  in  Eq  (12)  for  0  —  1  describes  recoil  implantation  effects  as  well  as  effects  in  which 
implanted  atoms  participate  in  cascades.  If  one  describes  primary  knock-on  production  by  source 
terms  q.fr.v,/)  then,  in  the  zero-fluence  limit,  this  0  -  1  term  represents  purely  recoil  implanta¬ 
tion  effects. 

Subject  only  to  the  assumptions  of  uncorrelated  binary  collisions  in  an  amorphous  target,  Eq 
(12)  is  exact. 

Now  arrange  the  coordinate  system  so  that  the  incoming  beam  is  along  the  z  axis  and,  in 
order  to  fix  ideas,  let  the  beam  and  target  have  plane  symmetry  and  perpendicular  incidence  One 
contribution  to  J )  in  Eq  (12)  is  the  variation  in  A'j(-s')  —  .V,(r0  -  j'fl)  Suppose  that  .V, 
increases  in  the  positive  z  direction  Then,  at  a  fixed  point  r0  there  will  be  more  particles  arriving 
at  r0  which  originate  from  collisions  in  the  positive  z  direction  (where  .V,  is  larger)  lhan  there  are 
from  the  negative  z  direction,  and  this  gives  rise  to  a  net  flux.  The  particle  density  functions  ij/s  in 
the  integrand  of  Eq.  (12)  will  also  make  a  contribution  to  J }  because  they  depend  on  and, 
correspondingly,  they  will  have  a  directional  dependence.  The  parameter  s'  measures  the  distance 
from  r0  to  where  these  particles  originate,  and  they  are  attenuated  by  the  factor  e"f<1'),  where  FIs') 
is  the  average  number  of  mean-free  paths  these  particles  travel  in  going  from  the  point  Tq_~  sfl, 
where  they  are  created  by  collisions,  to  the  point  r„.  where  they  make  their  comribution  to  •/,. 

Now  expand  the  integral  of  Eq.  (12)  in  a  power  series  in  s',  and  keep  only  the  lowest-order 
term  That  term  comes  from  the  spatial  dependence  of  the  factor  ,Vj  which,  to  lowest  order,  is 

,Vj(-s)  -  ,V3(7fc)  -  s  n  V,Vj(r0).  (14) 

The  result  is 

73  -  -D  V,V3(r0)  (15) 

with 

D  -  £  f  An;  —  *  J  dWKB j(v'  -  v)v',|,g(r0.v’).  (16) 

0  <Jr  (v,  Fq) 

In  obtaining  this  result,  one  uses  the  identity  J"0  ds'  s'  e~as  -  l/cr?.  and  the  fact  that  the  integrand 

of  Eq  (12)  is  cylindrical^  symmetric  about  t he  z  axis.  In  Eq.  06).  ihe  particle  densities  i be  are  all 

proportional  to  the  bombarding  fluence  <t>.  so  the  diffusion  coefficient  D0  of  Eq.  (16)  can  be  written 

D  -  D0<t>.  (17) 

with  the  mixing  parameter  D0  independent  of  the  bombarding  flux 

Equation  (15)  is  Fick's  law  for  atomic  migration,  and  is  obtained  as  the  lowest-order  approxi¬ 
mation  to  F.q  (12).  This  approximation  is  valid  only  when  the  variation  of  N} (r)  over  a  mean-free 
path  is  small  compared  to  N}.  When  this  is  not  true,  one  must  include  more  terms  in  the  power 
series  expansion  in  s'.  These  higher  terms  will  involve  powers  of  .V,  and  also  the  spatial  variations 
of  ibglr,  v)  due  to  the  spatial  variations  of  ,Va(7). 

On  account  of  the  (averaging)  integrations  Jd?v  and  JVV  in  expression  '16),  we  can  expect 
the  result  to  be  insensitive  to  the  details  of  the  density  functions  i |/B  for  the  recoil  cascades,  rather 
crude  approximations  will  probably  suffice.  On  the  other  hand,  F.q  (16)  indicates  that  D  is  highly 
sensitive  to  the  atomic  collision  cross  sections,  and  this  expression  allows  ihe  calculation  for  realis¬ 
tic  interatomic  potentials. 


MODEL  KINCHIN-PEASE  CASCADE 

In  order  to  calculate  the  mixing  coefficient  D0 ,  one  needs  the  density  functions  t!ie(r0.v')  for 
the  displacemenl  cascades.  In  another  work,  we  p'an  to  show  how  the  integral  form  (6)  can  be 
used  to  formulate  an  iteration  procedure  for  these  functions  which  will  allow  the  calculation  of  Dn 
by  successive  approximations.  Here,  we  formulate  a  model  for  <bB  which  allows  a  first  approxima¬ 
tion  to  D0  We  consider  the  case  of  an  infinitely  dilute  impurity,  and  let  us  agree  to  ignore  recoil 
implantation  effects.  In  these  circumstances,  the  terms  fi  —  I  and  p  -  J  drop  out  in  Eq  (16).  leav¬ 
ing  only  the  term  0-2 
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The  quantity  needed  is  the  density  function  t i/2<7v,/)  for  the  cascade  of  2-atoms  under 
steady-state  bombardment  by  1-atoms,  which  is  obtained  as  follows:  Let  G(7.v,r,70,  v0,r0)  be  the 
density  function  for  the  displacement  cascade  created  by  a  primary  knock-on  atom  (PKA)  of  energy 
E0,  velocity  v0  created  at  time  i0  at  the  location  70.  We  will  construct  G  to  represent  a  simple 
implementation  of  the  Kinchin-Pease  cascade  (51.  Let  G(7v,70,v0)  be  the  density  function  for  the 
displacement  cascades  in  steady  slate,  where  the  above  PKA's  have  been  created  at  a  constant  rate 
for  a  long  time  One  can  show  from  the  time-translation  invariance  of  these  Green's  functions  that 

G(7  v.70,  v0)  -  J"o  GCr.v.r,  70,v0.  r0  -  Old/.  (18) 

which  will  be  used  to  obtain  G  from  G.  Let  <?:(70,v0)  be  the  steady-state  creation  rates  for  PKA's 
of  velocity  v„.  The  density  function  to  be  used  in  Eq.  (16)  will  then  be 

iii;(7.v)  —  J"  G  (7  v,70.  v0)  ?2<70.  (19) 

Thus,  ii»2(7  v./)  can  be  obtained  if  one  has  the  density  function  G  for  a  single  cascade. 


For  our  first  approximation  to  Dn,  we  will  use  for  G  a  simple  implementation  of  the  Kmchin- 
Pease  cascade  [5).  The  cascade  is  considered  to  consist  of  m  steps  At  the  A.-;h  step,  there  are  2* 
recoils,  each  of  energy  EJ2*,  velocity 

v»  =  V(/2*/2,  (20) 

and  isotropically  distributed  in  direction.  This  step  lasts  an  interval  of  time 

A,  -  — z - •  '2D 

<j(v)v, 


where  cr  is  the  reciprocal  of  mean  free  path,  which  can  he  obtained  from  the  actual  realistic  intera¬ 
tomic  potential.  The  total  number  m  of  such  steps  is  given  by  the  condition 


(22) 


where  F.d  is  the  displacement  energy.  The  spatial  dependence  of  the  cascade  is  ignored,  since  it  is 
expected  to  make  a  contribution  to  Do  only  in  higher  orders.  Define  the  points  in  time  lk  by 


r.  -fn+I  A*-  *23) 

i  -t 

Then  G  can  be  written 


G  (r.  v.r)  -  6(7  -  r0)  2‘ 


6<v~  -  vt) 

in  vi 


for  /*  ^  i  <  h  *  j.  with  G  -  0  for  t  >  i 


The  steady-state  Green's  function  is  obtained  from  Fq  (18)  as 

2*  8(v  -  v, ) 


5  <  r  -  7n )  "> 

G(7  v)  - r — —  V 

<r(Vj) 


4w 


(24) 


(25) 


The  above  G  will  make  a  contribution  to  the  calculation  (16)  of  £>0  via  the  form 
v 'Jr j CF,  v’)d3v'  We  can  assess  this  contribution  by  considering  the  quantity 

I  f  v'G<7  v')d3v'  =•  8(7  -  7i)  y  — (26) 
J  <t(v,) 

For  cr(vt)  a  constant.  50”,  of  the  total  contribution  to  A  comes  from  the  last  step  k  =•  m.  75%  from 
the  last  two  steps,  87.5%  from  the  last  three  steps,  93  75%  from  the  last  four  steps,  and  so  on  This 
shows  that  the  final  steps  of  the  cascade  will  dominate  the  contributions  of  d< ; ( 7  v )  to  'he  mixing 
coefficient  D0  This  corresponds  to  the  low -velocity  region  of  c%( 7v).  where  the  density  function 
constructed  above  can  be  expected  to  he  not  a  had  approximation  Recall  also  that  the  exp  .ssion 
(16)  is  relatively  insensitive  to  the  details  of  ifia(7,v)  These  two  facts  together  lead  us  to  expect 
that  the  above  JijITvl  will  provide  a  reasonable  first  approximation  to  D0. 
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The  above  argument  also  shows  that  the  D  of  Eq.  (16)  will  be  highly  sensitive  to  the  displace¬ 
ment  energy  £4,  which  determines  m  via  Eq.  (22)  Now,  instead  of  the  dilute  solvent  case 
Nj  «  consider  the  general  case  of  arbitrary  N}.  If  the  displacement  energy  should  then 
depend  on  the  compositions  i V3  and  N2  of  the  target,  then  so  will  the  mixing  coefficient  Dq.  This 
will  be  a  chemical  effect  in  cascade  mixing.  Furthermore,  Dq  will  have  a  (complex)  dependence  on 
IVj.Afj,  and  N j.  and  therefore  will  vary  with  fluence.  In  addition,  if  E d  varies  with  temperature, 
then  so  will  D0- 

DISCUSSION 

The  physical  origin  of  cascade  mixing  in  the  present  work  is  the  same  as  that  of  Haff  and 
Switkowski  (1),  and  this  work  can  be  considered  a  refinement  of  their  approach  Their  model  of 
cascades  has  one  velocity  and  one  mean  free  path,  and  they  find  D  ■*  v//3cr,  with  /  a  certain  frac¬ 
tion.  We  have  the  exact  expression  (12)  involving  the  actual  velocity  distribution,  which  allows  a 
derivation  of  Fick  s  law  and  the  closed  expression  (16)  for  the  mixing  coefficient. 

Emphasis  should  be  placed  on  the  deduction  of  the  previous  section  that  the  mixing  parame¬ 
ter  Do  will  depend  sensitively  on  the  displacement  energy  Ed.  If  actual  calculation  bears  out  this 
deduction,  then  this  constitutes  a  physical  mechanism  for  chemical  effect  in  cascade  mixing.  In 
addition,  cascade  mixing  will  depend  on  N2.N2.  and  A73  (and  therefore  fluence)  and  on  tempera¬ 
ture. 
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ABSTRACT 

Copper  films  given  multiple  sequences  of  Ta  implantation 
and  Cu  depositions  were  analyzed  using  electron  microscopy, 
backscattering,  and  Auger  spectroscopy.  Ta  retention  is  92% 
following  direct  implantation,  and  100%  retention  was 
achieved  for  the  same  Ta  dose  if  sputtered  Cu  is  replaced 
during  implantation.  Lateral  migration  of  Ta  and  micro¬ 
roughness  were  observed  for  all  cases  studied.  Evidence  for 
TaC  formation  is  presented. 


INTRODUCTION 

The  use  of  concurrent  ion  irradiation  and  vapor  deposition  to  achieve 
enhanced  thin  film  properties  and  to  improve  coating  adherence  has,  for  the 
most  part,  been  studied  using  ion  beams  with  energies  less  than  5  keV  [1-3], 
The  reasons  for  using  low-energy  ions  as  opposed  to  beams  of  moderate-energy 
ions  that  are  obtained  from  ion  implantation  systems  include  (1)  energy 
deposition  will  be  very  near  the  surface,  (2)  low  energy  ion  sources  are 
readily  available  and  reasonably  inexpensive  and  (3)  sputtering  is  reduced  at 
low  energies.  If,  however,  the  negative  aspects  of  increased  sputtering 
could  be  overcome,  then  there  would  be  several  advantages  to  using  higher 
energy  ion  beams  available  from  an  implanter.  Principle  among  these  are  that 
the  ion  beam  can  consist  of  any  element  and  is  not  limited  to  gaseous  species 
as  is  frequently  the  case  for  low  energy  ion  guns.  Because  of  the  increased 
energy  available,  the  dose  required  to  produce  the  same  energy  deposition  is 
reduced.  In  addition,  the  combined  ion  implantation  and  deposition  technique 
offers  a  new  approach  for  the  study  of  sputtering  phenomena.  Ordinarily  the 
measurement  of  a  sputtering  rate  is  complicated  by  an  increase  in  concen¬ 
tration  of  the  implanted  element  at  the  surface.  If,  however,  the  target 
material  is  continuously  being  replenished  by  vapor  deposition  during  the 
sputtering  process,  the  surface  fraction  of  the  implanted  element  can  be  kept 
arbitrarily  low.  Another  interesting  potential  application  of  the  combined 
technique  is  to  use  vapor  deposition  to  precisely  offset  sputtering.  If  this 
can  be  done,  then  the  maximum  concentration  of  an  implanted  specie  should  no 
longer  be  fixed  by  the  "sputtering  limit"  and  the  fraction  of  the  implanted 
dose  that  is  retained  could  be  increased  significantly.  In  the  process,  a 
completely  new  range  of  material  compositions  would  become  accessable  via  ion 
implantation. 

To  establish  the  feasibility  of  combining  vapor  deposition  techniques 
and  moderate  energy  ion  implantation,  a  long  range  systematic  study  has  been 
initiated.  The  preliminary  results  of  that  study  are  reported  here.  An 
Initial  goal  is  to  determine  the  extent  to  which  conventional  models  for 
implanted  systems  are  applicable  to  ion  beam  enhanced  deposition  (IBED) 
systems.  For  this  initial  phase  of  the  study,  copper  was  implanted  with 
tantalum  while  copper  was  being  deposited  to  replace  the  sputtered  atoms. 
This  system  was  selected  because  the  sputtering  rate  for  Ta  on  Cu  is  high, 
and  because  Ta  is  Insoluble  in  and  forms  no  compounds  with  Cu. 
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EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 

For  these  treatments,  the  sample  is  positioned  in  the  center  of  a 
chamber  30  cm  above  an  electron  beam  evaporator  and  can  be  rotated  about  a 
horizontal  axis  in  order  to  expose  it  to  either  the  evaporant  from  below  or 
the  ion  beam  from  the  side.  The  samples  are  affixed  to  a  cylinder  of  cir¬ 
cular  or  square  cross  section  or  in  some  cases  are  themselves  cylinders.  In 
order  to  maintain  a  high  degree  of  control  over  the  relative  arrival  rates  of 
the  evaporant  atoms  and  the  beam  ions,  the  treatment  process  is  broken  into 
two  completely  isolated  steps.  First  a  small  fraction  of  the  total  intended 
dose  is  implanted.  Then  the  sample  is  rotated  into  the  evaporant  stream 
where  a  correspondingly  thin  coating  of  the  desired  element  is  deposited. 
This  process  is  then  repeated  until  the  desired  film  thickness  or  ion  dose  is 
achieved.  If  small  variations  in  the  relative  arrival  rates  can  be  ignored, 
or  if  an  external  means  of  controlling  the  two  fluxes  is  provided,  then  the 
sample  is  simply  rotated  continuously  through  the  two  beams.  The  chamber  is 
equipped  with  two  variable  apertures  which  will  eventually  be  used  to  adjust 
the  relative  arrival  rates  of  ions  and  evaporant  atoms,  but  for  this  work, 
these  apertures  were  used  to  mask  different  portions  of  the  sample  from  each 
beam.  The  evaporator  is  diffusion  pumped  and  is  isolated  from  the  sample  by 
a  set  of  differential  pumping  apertures.  A  cryogenic  pump  is  mounted 
directly  opposite  the  sample  which  is  itself  surrounded  by  a  cold  wall  held 
at  77  K. 

In  order  to  evaluate  the  extent  to  which  the  effects  of  the  sputtering 
of  copper  by  tantalum  can  be  offset  by  concurrent  evaporation  of  copper, 
three  types  of  samples  were  prepared.  For  all  three  cases  investigated,  the 
substrate  was  a  12  mm  diameter  aluminum  disk  on  which  63  nm  of  Cu  had  been 
deposited.  The  first  treatment  (case  1)  consisted  of  normal  incidence  im¬ 
plantation  of  50  keV  Ta  to  a  f  luence  that  was  believed  to  be  sufficient  to 
sputter  48  nm  of  Cu  or  four  times  the  range  of  the  Ta  ions.  Assuming  a 
sputtering  rate  of  18  atoms/ion  for  50  keV  Ta  on  Cu,  this  required  a  fluence 
of  2.26  x  1016  ions/cm^  to  remove  the  necessary  amount  of  Cu.  For  the  second 
treatment  (case  II),  the  same  Ta  fluence  was  implanted,  but  this  time  in  12 
equal  increments.  Between  each  increment,  4  nm  of  Cu  were  deposited,  which 
was  approximately  the  thickness  required  to  replace  the  Cu  sputtered  during 
each  implant  increment,  assuming  a  sputtering  yield  of  18  atoms/ion.  For  case 
III,  the  sample  received  a  total  of  48  increments,  each  identical  to  those 
used  in  case  II.  Thus  the  total  fluence  of  Ta  for  this  sample  was  9.04  x 
1016  ions/cm^  and  the  total  equivalent  thickness  of  deposited  copper  during 
the  implantation  was  188  nm  (47  increments). 

These  samples  were  evaluated  using  Rutherford  backscatterlng  (RBS), 
scanning  electron  microscopy  (SEM),  and  Auger  electron  spectroscopy  (AES) 
combined  with  low-energy  argon  ion  bombardment.  For  the  RBS  measurements, 
2  MeV  alpha  particles  were  normally  incident  on  the  samples,  with  the  back- 
scattered  ions  being  detected  at  an  angle  of  135  degrees.  Scanning  electron 
microscopy  was  performed  in  an  ISI  model  SX30  equipped  with  energy  dispersive 
X-ray  analysis  and  a  Coates  and  Welter  Cwicscan  106A.  Auger  electron  spectra 
were  obtained  using  a  single-pass  cylindrical  mirror  analyzer,  with  an 
Incident  electron  beam  energy  of  3  keV  and  current  of  0.05  mA.  Depth  pro¬ 
files  of  the  films  were  obtained  by  sequential  Auger  analysis  and  sputtering 
with  3  keV  argon  ions  incident  at  an  angle  of  60  degrees  with  respect  to  the 
sample  normal. 
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RESULTS  AND  DISCUSSION 


Analysis  of  the  RBS  spectrum  of  the  direct  Ta-implanted  Cu  film  (case  I) 
(Fig.  1A)  indicated  that  the  average  thickness  of  copper  removed  was  43  nm 
(nearly  the  equivalent  of  four  times  the  calculated  range  of  the  implanted 
Ta)  and  that  the  average  sputtering  yield  was  16.4.  It  is,  therefore, 
remarkable  that  the  RBS  spectrum  also  indicated  that  approximately  90%  of  the 
implanted  Ta  had  been  retained.  The  RBS  spectrum  for  the  second  case,  4  nm 
of  Cu  deposited  between  each  of  the  12  incremental  doses  of  Ta  (Fig.  IB), 
showed  that  essentially  100%  of  the  implanted  Ta  had  been  retained.  For  this 
case,  nearly  exact  replacement  of  the  sputtered  Cu  had  been  achieved  and  the 
apparent  sputtering  rate  was  18.3.  It  should  be  noted  that  these  determina¬ 
tions  of  the  amount  of  Ta  and  Cu  present  are  uncertain  to  10  to  15%;  thus  the 
difference  between  the  amounts  of  retained  Ta  for  the  two  cases  should  not  be 
viewed  as  significant.  The  amount  of  Cu  on  this  second  type  of  sample  was 
essentially  Identical,  within  experimental  uncertainty,  to  the  amount  present 
before  implantation.  For  the  third  case  (48  increments  of  Ta  implantation 
plus  47  evaporations  of  4  nm  of  Cu),  the  RBS  revealed  that  the  system  no 
longer  was  retaining  all  of  the  implanted  Ta  and  that  the  Cu  depositions  were 
increasing  the  film  thickness  more  rapidly  than  the  Cu  was  being  sputtered 
away.  The  sputtering  yield  for  this  case  was  18.3,  16%  of  Cu  deposited 
during  implantation  remains,  and  retained  Ta  is  84%  of  that  implanted. 

Scanning  electron  microscopy  of  these  samples  (Fig.  2)  revealed  that 
considerable  roughening  of  the  surface  had  taken  place  in  all  three  cases. 
Fig.  2C  shows  the  surface  for  case  III  viewed  at  an  angle  of  79  degrees  with 
respect  to  the  surface  normal.  Energy  dispersive  X-ray  analysis  was  used  to 
examine  the  light  and  dark  areas  shown  in  Fig.  2B.  The  ratios  of  the  X-ray 
yields  in  the  light  areas  to  that  in  the  dark  areas  for  Ta,  Cu  and  A1  are 
1.6:1,  3.5:1  and  .5:1  respectively. 

The  relative  peak  heights  of  the  derivative  Auger  spectra  plotted  as  a 
function  of  sputtering  time  for  the  three  samples  are  shown  in  Fig.  3.  An 
Auger  depth  profile  of  the  uniraplanted  63  nm  thick  copper  film  (not  shown) 
indicated  that  it  required  approximately  20  minutes  of  sputtering  to  remove 
the  film  and  observe  the  A1  KLL  peak.  Small  amounts  of  oxygen  and  carbon 
(less  than  5  at.%)  were  incorporated  into  the  film.  For  each  of  the  profiles 
shown,  it  is  assumed  that  approximately  2-3  minutes  of  sputtering  was 
required  to  remove  the  surface  contamination  produced  when  the  samples  were 
exposed  to  the  atmosphere.  Thus,  the  2-3  minute  Auger  peak  heights  should  be 
considered  to  represent  the  "surface"  as  it  existed  before  being  removed  from 
the  IBED  vacuum  chamber. 

When  viewed  collectively,  the  above  results  suggest  the  following  inter¬ 
pretation.  The  RBS  data  indicate  that  there  is  A1  very  close  to  the  surface. 
The  gradual  slope  of  the  near  surface  A1  signal  in  the  RBS  spectra  (particu¬ 
larly  for  case  III)  suggests  that  the  thickness  of  the  film  is  not  constant, 
a  result  that  is  certainly  supported  by  the  SEM  pictures.  These  results, 
together  with  the  X-ray  data,  indicate  that  the  ridges  that  have  developed 
are  rich  in  Ta  and  have  resisted  sputtering  while  the  valleys  between  the 
ridges  have  been  preferentially  sputtered,  thereby  exposing  the  A1  substrate. 
The  nonuniformity  of  the  Ta  indicates  that  significant  lateral  migration  has 
occurred.  In  addition,  the  AES  data  indicate  that  sigif leant  Cu  concentration 
occurs  at  the  surface.  This  supports  the  view  that  the  Ta  has  segregated  on 
the  surface  leaving  exposed  regions  of  Cu.  Analysis  of  the  C  KLL  Auger  line 
shape  indicates  that  the  C  was  present  as  a  carbide.  Applying  sensitivity 
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factors  to  the  C  and  T a  Auger  peak  heights  indicated  that  there  was  approxi¬ 
mately  a  1:1  correspondence  between  the  concentrations  of  those  two  elements 
throughout  the  implanted  region.  This  supports  the  contention  that  a 
carburization  process  has  resulted  in  the  formation  of  TaC.  The  amount  of 
sputtering  that  has  taken  place  during  the  Ta  implantation  is  well  illus¬ 
trated  in  Fig.  3A.  Ta  is  still  observed  after  all  the  Cu  had  been  removed  by 
sputtering  or  during  AES  analysis,  indicating  that  some  Ta  was  implanted  into 
the  A1  substrate.  Also,  the  fact  that  the  ratio  of  the  A1  Auger  peak  at  the 
"surface"  (after  3  minutes  of  sputtering)  to  that  obtained  at  saturation  is 
0.3  indicates  that  30%  of  the  aluminum  substrate  was  exposed  during  the 
implantation.  This  uncovering  of  A1  was  reduced  substantially  for  case  II 
sample  but  reappears  for  case  111. 
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FIG.  1.  Rutherford  backscattering  spectra  of  Cu  films  on  A1  following  A) 
2.26  x  1016  Ta/cm2;  B)  same  Ta  dose  delivered  12  increments  separated  by  11 
Cu  depositions  of  4  nm  each;  and  C)  9  x  1016  Ta/cm2  in  AS  increments 
separated  by  A7  Cu  depositions. 


*  ’ 
A 


1^.m 
I - 1 


FIG.  2.  Scanning  electron  micrographs:  A)  unirap lanted  Cu  film;  B)  following 
48  Ta  implantations  with  Cu  deposited;  and  C)  same  as  B  but  viewed  at  79 
degrees  to  surface  normal. 
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CONCLUSIONS 


The  interpretations  presented  above  lead  to  the  following  conclusions. 
During  the  early  stages  of  the  Ta  implantation,  two  mechanisms  may  be  con¬ 
tributing  to  development  of  the  roughened  topography  which  subsequently 
dominates  the  evolution  of  the  system.  First,  there  is  the  usual  development 
of  hills  and  valleys  due  to  sputtering.  This  development  is  enhanced  by  the 
segregation  of  the  exposed  Ta  which  forms  TaC  layers  over  the  hills  which 
further  reduces  the  sputtering  rate  in  these  regions.  It  is  apparent  that 
the  Cu  deposited  between  Ta  implantations  has  had  an  influence  on  the  total 
retained  Ta,  but  this  added  Cu  has  not  significantly  altered  the  development 
of  surface  roughness.  This  result  has  significant  implications  for  the  use  of 
the  combined  technique  for  generating  thick,  layers.  Since  the  development  of 
micro-roughness  has  not  been  substantially  mediated  by  the  deposition  of 
additional  Cu  during  implantation,  it  may  be  necessary  to  avoid  applying  the 
technique  to  systems  with  high  sputtering  rates.  At  the  very  least,  such 
roughness  severely  complicates  the  interpretation  of  various  surface  analyti¬ 
cal  techniques  such  as  AES.  For  example,  without  topographical  information, 
one  might  conclude  from  the  Auger  depth  profiles  that  intermixing  between  the 
Cu  and  A1  had  occurred.  The  results  of  these  experiments  also  demonstrate 
the  potential  value  of  the  IBED  technique  as  a  tool  for  the  investigation  of 
sputtering  processes.  Note,  for  example,  that  small  changes  in  the  sputter¬ 
ing  rates  become  magnified  if  deposition  is  employed  during  implantation. 
This  is  illustrated  by  comparing  the  average  thicknesses  of  the  Cu  film 
following  12  increments  of  implanted  Ta  with  that  following  48  such  implants. 
A  change  in  the  sputtering  rate  of  less  than  ten  percent  has  lead  to  a 
readily  detectable  accumulation  of  several  hundred  angstroms  of  copper  over 
the  course  of  the  48  Ta  implants. 
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In  this  paper  the  surface  binding  energv  model  proposed  b\  Reynolds  for  a  hinars  alios  has  been  extended  to  a  ternarx  ssstem 
From  this  mixlel  extension  the  steads  state  atomic  surface  fractions  were  calculated  for  a  lernars  surface  alios  to  he  prepared  hx  ion 
implanting  a  hinars  alios  of  known  composition  t  hese  predictions  were  compared  with  the  results  of  the  subsequent  ion  implantation 
experiments.  The  total  implantation  process  was  monitored  hs  the  observation  of  light  emitted  through  de-excitation  processes  from 
sputtered  neutral  atoms.  The  experimental  results  reported  are  for  nickel  chromium  allox  implanted  with  dtl  keV  copper  and 
tantalum  and  were  analyzed  using  Rutherford  hackscallering.  particle  induced  X-ray  emission,  and  Auger  surface  analxsis  I  rom  these 
results  the  partial  sputtering  yield  for  each  component,  net  sputtering  yield  and  surface  atomic  fractions  were  determined,  and  then 
compared  with  the  predicted  values.  The  different  analytical  techniques  show  consistent  agreement  within  experimental  error  and 
there  is  reasonable  agreement  between  the  experimental  results  and  the  predicted  values. 


I.  Introduction 
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In  earlier  papers  (1.2)  it  has  been  shown  that  the 
changing  surface  during  ion  implantation  alters  the 
expected  fluence  in  attaining  steady  state  conditions 
(i.e..  the  partial  sputtering  yield  of  the  implanted  species 
is  equal  to  one)  and  that  the  resulting  atomic  surface  of 
the  implanted  species  in  general  is  not  the  reciprocal  of 
the  self  ion  sputtering  yield  as  indicated  in  earlier 
literature  (3).  Recently  Reynolds  calculated  the  average 
binding  energy  for  surface  atoms  as  a  function  of  the 
atomic  surface  fractions  for  the  copper  nickel  system 
and  proposed  a  binding  energy  correction  factor  de¬ 
termining  the  partial  sputtering  yields  during  ion  im¬ 
plantation  (2). 

In  this  paper  those  concepts  are  extended  more 
generally  to  alloy  targets  and  in  particular  to  ternary 
systems,  that  is.  a  metallic  ion  species  implanted  into  a 
binary  alloy  of  known  composition  not  containing  the 
beam  species.  The  alloy  selected  was  commercial 
nickel  chromium  (78:22)  and  was  implanted  with 
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metallic  ions,  copper  and  tantalum,  at  ft)  keV  energs 
The  beam  species  were  selected  to  illustrate  expected 
differences  due  to  beam  ion  mass  and  the  altered  surface- 
binding  energy  during  ion  implantation 


2.  Surface  energy  model 

Reynolds  [2|  has  defined  interaction  parameters  as¬ 
sociated  with  the  three  nearest  neighbor  sets  and  calcu¬ 
lated  the  average  surface  energs  for  the  component 
atoms  in  the  target  surface.  For  the  implanted  species 
the  average  surface  binding  energs  was 

<ii  =  h„U„  +  n | ( T'|  -  Tu).  (1) 

where  n  is  the  atomic  surface  fraction,  and  the  sub¬ 
scripts  “0"  and  “1"  refer,  respectively  to  the  implanted 
species  and  the  initial  target  species,  t ,  is  the  surface 
binding  energv  for  the  pure  element  as  calculated  bs 
Jackson  |4).  For  the  implanted  species  forming  a  binary 
ssstem  this  expression  works  well  and  can  be  used  to 
predict  the  steady  state  surface  fractions.  This  formula- 
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turn  is  not  directly  extendable  to  ternars  or  higher  order 
sy  stems. 

More  properk  the  average  surface  binding  energs 
for  a  component  is 

L,  =  (2) 

where  i  and  /  designate  the  component  and  is  the 
average  binding  energy  of  that  component  Parameter 
is  the  coordination  or  interaction  number  as  described 
below  and  {,,.  I  are  the  respective  binding  energies 
per  interaction  The  coordination  or  interaction  number 
is  related  to  the  number  of  nearest  neighbors  used  to 
determine  the  surface  binding  energs  for  each  atom  in 
the  surface  [2]  In  a  uniformk  distributed  minor  compo¬ 
nent  in  a  solid  solution  there  is  an  equal  probahihts  for 
the  solute  atom  to  be  placed  anew  here  in  the  set  of  \ 
atoms  comprising  the  nearest  neighbor  sets  from  which 
the  individual  atomic  surface  binding  energv  is  calcu¬ 
lated.  Then  one  can  assume  that  there  is  little  or  no 
difference  between  a  regular  lattice  site  with  three  dis¬ 
tinct  nearest  neighbor  sets  and  a  hypothetical  lattice  of 
V  -  1  neighbors  plus  the  interacting  atom  equidistant 
from  the  subject  site  The  parameter  is  then  the  total 
number  ( ,V  )  of  neighbors  and 

r„.-  <;/-*.  (?) 

where  l  ,  is  the  binding  energv  per  interaction  in  the 
hvpothetical  lattice  and  l,  is  the  elemental  surface- 
binding  energv.  In  anv  system 

(4) 

The  binding  energv  per  interaction  between  dissimi¬ 
lar  atoms,  U, mav  be  estimated  by  one  of  the  following 
three  techniques: 

a  I  Comparing  the  single  diatomic  molecular  bond 
strengths  of  the  pure  element  and  the  combination, 
where  available,  to  provide  a  factor  for  modifving  the 
surface  binding  energy  of  the  element  appropriately 

b|  Using  the  simple  average  of  the  elemental  surface 
binding  energy  of  the  two  elements. 

c)  Comparing  the  atomic  sizes  of  the  two  atoms  to 
provide  a  factor  modifying  the  simple  binding  energv 
average  towards  the  smaller  atomic  size. 

Thus  for  any  system,  the  average  surface  binding 
energv  for  a  particular  species  becomes 

=  <?>) 

where  /  is  the  species  of  interest  at  the  binding  site.  >  is 
the  index  of  all  species  in  the  surface  and  the  neighbor 
set.  n(  is  the  atomic  surface  fraction  of  "  / "  species  in 
the  set,  and  Vu  is  the  binding  energy  per  interaction  of 
the  fixed  hypothetical  lattice  of  e  interactions. 

For  a  ternary  system  prepared  by  ion  implantation 
the  average  binding  energy  has  the  following  representa¬ 
tion. 
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-V  Sputtering  of  the  binary  alloy  surface 

At  the  onset  of  ion  implantation  of  a  third  species 
into  a  binarv  alloy,  the  following  conditions  exist  and 
continue  to  exist  throughout  the  entire  implantation 
I  he  sum  of  the  atomic  fractions  is  one.  e  g.. 

£>,=  1  <7) 

The  total  sputtering  yield  for  the  bombarded  surface 
is  equal  to  the  sum  of  the  partial  sputtering  yields: 

I,  (M 


where  i  is  the  index  for  all  species  in  the  bombarded 
surface. 

T  he  enhancement  factor  for  preferential  sputtering 
m  binary  alloys  as  defined  by  Anderson  |S)  is. 


and  is  constant  throughout  implantation.  Subscripts  1 
and  2  refer  to  the  initial  components  of  the  binary  alloy 
T  he  partial  sputtering  vield  is  defined  as: 

v  -  «,c  ,.s;„.  (10) 

where  S„,  is  the  elemental  sputtering  yield  calculated 
after  Sigmund  |b)  and  U,  is  the  surface  binding  emerge 
correction  term. 
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At  the  steadx  state  condition  two  additional  con¬ 
straints  arc  placed  on  the  system. 

v„  1 . and  (12) 

V  |  V  ,  V  |  X  ,  .  (12) 

where  subscripts:  0.  1.  2.  refer  to  the  beam  species  and 
the  initial  target  species  respectively  and  x,  and  x:  are 
the  hulk  atomic  fractions  of  the  initial  hinarx  allox. 

From  these  conditions  one  can  predict  which  compo¬ 
nent  of  the  hinarx  allox  uill  be  preferentially  sputtered 
and  can  also  predict  the  surface  atomic  fractions  when 
the  steadv  state  is  attained  during  the  ion  implantation. 


4.  The  experiments 

Nickel  chromium  1 7J<  :  22)  allov  was  implanted  with 
‘>0  keV  copper  and  tantalum  ions  to  a  fluenee  of  2  x  It)1 
ions  cm’  prior  to  the  insertion  of  high  puritv  aluminum 
collector  foils  for  collection  of  the  sputtered  products  at 


\  MINIM, 


Ci  H  Remolds  ei  al  /  Surfaic  htnJinit  enent*  lor  a  tertian  allot 


K06 


Tig.  1.  Partial  sputtering  yields  vs  Huence  determined  from 
optical  Monitor  (90  keV  Cu  *  -*Ni  C'o 


the  steady  state  or  near  steady  state  conditions. 
Throughout  the  implanlalion.  the  optical  signals  emitted 
from  the  excited  sputtered  atoms  were  monitored  and 
used  to  confirm  the  near  steady  slate  conditions.  I  ig.  1 
is  the  optical  record  for  a  copper  ion  implantation  into 
nickel-chromium  alloy,  which  the  partial  sputtering 
yields  change  during  implantation 

The  collector  foils  were  analwed  using  both  P1XI 
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fig.  2  RBS  spectra  of  sputtered  materials  on  Al  collector  foil: 
(a)  Cu  *  •  Ni  C  r  implantation  and  <b)  Ta  ‘  *  Ni  (  r  implan¬ 
tation 


a 


CJ  s 

•5  " 

ct 

z 

■_  b  _ _ _  _ 

aj'C  c '/. 

>AV(t.  N-Mftt  c 

I  ig  .t  RBS  spectra  of  implanted  region  of  alios  largei  lai 
tu'  •  Xi  (  r  implantation,  ihi  la'  *  Xi  (r  implantation 


and  RBS  to  ascertain  both  the  distribution  of  the 
sputtered  material  and  the  partial  sputtering  viclds  at 
the  near  steads  state  condition.  I  igs  2a  and  b  are 
representative  regions  of  the  RBS  spectra  of  sputtered 
products  collected  on  the  catcher  foil  ior  copper  ion 
implanted  nickel  chromium  and  for  tantalum  ton  im¬ 
planted  nickel  chromium 

The  targets  were  anals/ed  b\  RBS  and  ATS  sputter 
profile  techniques  to  determine  the  profile  of  the  im¬ 
planted  species  and  to  determine  the  atomic  surface 
fractions.  Tigs,  a  a  and  h  arc  typical  RBS  spectra  for 
copper  ion  implanted  nickel  chromium  and  for  tanta¬ 
lum  ion  implanted  nickel  chromium. 

The  apparatus  and  techniques  used  throughout  these 
experiments  have  been  prevtouslv  described  1 7. 1 1  lahle 
1  summarizes  the  predicted  parameters  for  the  two 
systems  and  the  experimental  results 

I  ront  the  experimental  results  it  is  apparent  that  the 
steady  state  condition  was  not  reached  during  the  im¬ 
plantation.  though  initial  calculations  of  the  flucncc  ami 
the  optical  monitor  chart  indicated  that  the  experiment 
should  have  been  at  steads  state  or  very  near  steads 
state.  Although  the  measured  partial  yields  lend  to 
support  the  use  of  measured  values  of  elemental  spudd¬ 
ing  and  the  measured  surface  fractions  support  the  use 
of  the  theoretically  calculated  values  of  the  elemental 
yields,  there  is  verv  strong  evidence  in  support  of  the 
binding  energv  correction  factor  as  determined  from  the 
modified  surface  binding  energv  Ibis  model  does  not 
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Comparison  of  steady  stale  predicted  values  with  experiment 
(afWkeVCu-  -  Ni  Cr  (78 :  22)  alloy 

enhancement  factor  1  .16  chromium  sputters  preferentially 
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consider  large  perturbations  in  the  binding  energy  at¬ 
tributable  to  the  formation  of  a  strong  chemical  bond. 
The  atomic  surface  fraction  of  carbon  measured  by  AKS 
was  noted  to  be  the  compound  chromium  carbide,  which 
does  change  the  surface  binding  energy  of  all  materials 
in  the  surface. 

5.  Summary 

A  model  has  been  presented  for  calculating  the  arcr- 
age  surface  binding  energy  for  each  species  in  an  alloy 
surface  and  has  been  used  to  determine  surface  binding 


energy  correction  factors  m  calculating  partial  sputter¬ 
ing  yields  for  surface  components  during  ion  implanta¬ 
tion  of  an  alloy  of  known  composition  I  he  steady  stale 
atomic  surface  fractions  mas  be  predicted  and  the  total 
fluence  tv'  reach  the  steady  state  can  he  more  precisely 
estimated  The  optical  monitor  record  clearly  illustrates 
the  behavior  of  each  surface  component  during  implan¬ 
tation.  demonstrating  the  influence  of  the  bombarding 
ions  on  the  surface  behavior 

Additional  experiments  m  a  broader  spectrum  of 
alloys  is  necessary  to  ascertain  the  general  applicability 
of  this  model 


47 


\  MINIM. 


</  H  Rt'\w/j\  t'l  ill  SurUur  «•#/*■# m  fttr  ft  n  rn./r i  I 


sox 

References 

|)J  (i.W.  Revnolds  cl  jI  .  Mji  Res  Soc.  S\mp  Proc  ^  1 1 WS2 > 
M 

12j  GW  Resnolds.  NucI  Insir  and  Meth.  2KMI4NJ)  5^ 
H]  J.K  Hirvonen.  Treatise  on  materials  science  and  technd- 
og>.  cd..  J.K  Hirvonen  (  Academic  Press.  New  York.  14N<n 


HI  IHI  J.uks«.i).  K.tJ  III  IS  (  W  » i  !  >  ** 

|’'|  H  H  ■\ndcfM»n  l*r« »c  *<!  S\mp  .»n  the  phv  ..J  !«<m/cd 
cjnC'.  Kuln>.  Ins|  NlkI  St.  i  .  cd  M  M.»tu  i  jwsn i  pp 
4: i  4st 

[(•j  I*  Sigmund.  rn  Sputtering  h\  n«n  h. »riit«.ir«.trricri(  cd  k 
Uchnsih.  \t>!  I  'Springer.  Berlin.  ' 

j"'j  K(»  *MK»v  cl  til  .  NuJ  Insir  and  Mcilt  144  1  Iwsjj  tl  s 


48 


Section  I.G 


EFFECTS  OF  NON-NORMAL  INCIDENCE  ON  THE  IMPLANTATION 
OF  COPPER  WITH  GOLD  AND  TANTALUM 

P.  R.  Malmberg  and  R.  G.  Allast  1 
J.  M.  Lambert  and  P.  A,  Treado^ 

G.  W.  Reynolds^ 

^Materials  Modification  &  Analysis  Branch 
Condensed  Matter  &  Radiation  Sciences  Division 
Naval  Research  Laboratory 

^Georgetown  University 
Washington,  D.  C.  20057 
and 

Materials  Modification  &  Analysis  Branch 
Condensed  Matter  &  Radiation  Sciences  Division 
Naval  Research  Laboratory 


3State  University  at  Albany 
Albany,  N.  Y.  12222 
and 

Materials  Modification  &  Analysis  Branch 
Condensed  Matter  &  Radiation  Sciences  Division 
Naval  Research  Laboratory 


t  Deceased 


This  work  was  supported  by  the  Office  of  Naval  Research. 


49 


NikIc.ii  InMumicnts  and  MclhiKlv  in  Ph\su\  Research  H2  <|YK4f  f*K  * 
North  Ht'iluiul.  Amsterdam 


KFKKCTS  OF  NON-NORMAl  INC  1DKNC  K  ON  THK  IMPLANTATION  OF  COPPKR  WITH  GOLD 
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(  ,  W  REYNOLDS 

/  \  \tital  Raeurih  I  .iibnriih'rt  and  Si  V  >  ill  Album.  Albiim.  V  )  I J-’-W  l  -S  I 

Cupper  [ s  were  i mpl.t n to.}  with  l-*'  keV  guld  and  tantalum  ti'tli  .it  selected  incident  angles  of  the*  beam  relative  la  the  target 

normal  to  examine  the  effect  of  the  incident  angle  on  the  sputtering  vields.  the  dose  retained  in  the  modified  laser,  and  the  atomic 
surface  fractions  Sputtered  particles  were  collected  on  aluminum  foils  to  measure  ihe  angular  distribution  of  the  sputtered  particles 
and  to  determine  the  partial  sputtering  vields  of  the  beam  and  target  species  A  1  5  McA  xenon  beam  implanted  markers  into  the 
copper  targets  to  determine  the  average  sputtering  vield  for  the  surface  during  the  implantation  I  heorelical  predictions  from  a  surface 
binding  energv  correction  model  were  compared  with  the  experimental  results  Although  the  predictions  from  the  miidel  were  not 
exact,  the  trends  of  the  data  were  in  agreement  with  the  model  I  he  measured  total  sputtering  vield  increases  with  increasing  incident 
beam  angle,  and.  correspondinglv.  the  fluence  retained  decreases  with  incident  beam  angle 


I.  Introduction  Varga  cl  al.  14]  and  Berisch  |5.b]  have  edited  recent 

reviews  relative  to  sputtering  processes.  These  references 
I  he  process  of  modifying  metallic  surface  properties  and  a  review  of  the  more  recent  literature  indicate  a 

bv  the  ton  implantation  of  additional  metallic  species  is  limited  number  of  experiments  in  this  higher  energv 

rapidlx  becoming  a  significant  technological  pro*'**  as  region  with  heavy  metallic  ion  beams.  The  theoretical 

a  post-manufacturing  surface  treatment  of  mat  s  formalism  as  proposed  by  Sigmund  (ref  1?].  eh.  2)  and 

I I. 2)  Ihe  effects  of  non-normal  incidence  of  the  ton  modified  by  the  model  proposed  by  Reynolds  |7|  was 

beam  relative  to  the  target  surfaces  being  modified  used  to  calculate  the  elemental  vields.  partial  sputtering 

become  important  because  most  surfaces  being  treated  vields  during  the  implantation,  and  the  steady  stale 

are  not  planar  Ihe  most  important  effects  of  non-nor-  atomic  surface  fractions 

mat  beam  incidence  are  the  depth  and  distribution  of 
the  implanted  species  in  the  surface  laser,  the  quantity 

of  the  beam  species  retained  compared  with  the  ctuan-  2.  Kxperiment 

titv  incident  to  the  surface,  and  the  erosion  rate 

(sputtering  vields)  of  the  surface  during  the  implanta-  The  experimental  apparatus,  procedures  and  analytic 

lion.  This  paper  presents  information  on  two  implant  methods  have  been  discussed  previously  ]X.d].  A  scanned 

sv stents  m  which  these  effects  were  studied  and  com-  beam  (average  current  2(HI  to  4(H)  nA)  defined  bv  a  7 

pared  with  predictions  from  existing  models  and  Iheorv.  mm  *  5  mm  aperture  was  used  to  implant  to  an  initial 

Ihe  systems  selected  were  125  keV  gold  ions  and  125  dose,  and  then  a  cylindrical  aluminum  collector  foil  was 

keV  tantalum  ions  implanted  into  high  purity  polycry s-  inserted  to  collect  sputtered  particles  throughout  the 

talline  copper  targets.  Copper  was  selected  as  a  rela-  remaining  fluence  implanted.  The  beam  angles  invesli- 

tivelv  non-reactive  targel  material  and  the  two  beam  gated  were  (I".  50".  45".  and  60°  measured  from  the 

species  were  selected  because  their  masses  are  ap-  target  normal.  Prior  to  implanting  with  the  metal  ion 

proximalelv  equivalent  while  one  is  non-reactive  and  beams  each  copper  target  was  preimplanted  with  a  1.5 

the  other  is  reactive  in  the  vacuum  environment  |5|.  MeV  xenon  beam  to  a  fluence  of  2  *  lO"1  ions  cm  *  as 

a  marker  to  measure  total  erosion  in  the  modified 
1  Deceased  region.  The  collected  sputtered  particle  distributions 

OI6X-5X5X/X4/$()3  (M)  *  Hsevier  Science  Publishers  B  V  VIII  SIH  III  RIND 

(North- Holland  Phvsics  Publishing  Division) 
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were  used  to  ele term i tie  parti.tl  ami  net  spulterme  welds 
1  he  eolleelor  foils  were  analwed  both  h\  1  Me\  pioi.m 
induced  X-rav  emission  (IMXt.l  and  1  s  \|c\  helium 
Rutherlord  backscatlermg  spectroscope  i  R  BS  i  |  he 
targets  were  analyzed  using  RBS  to  deieimine  net 
sputtering  sields.  implanted  profiles,  atomic  surface 
tractions,  and  the  dose  retained  When  designing  the 
experiments  the  pre-collector  foil  fluenccs  were  esti¬ 
mated  from  previous  experience  and  from  welds  ex¬ 
trapolated  from  the  review  h\  Andersen  and  Bax  (ref 
|5|.  eh.  4f.  1  he  additional  fluenee  after  insertion  of  the 
foil  was  estimated  to  produce  approximated  l(iIJ  beam 
particles  per  env  on  the  collector  foil  for  analxsis.  I  he 
expected  partial  welds  and  surface  fractions  at  the 
steady  state  condition  were  calculated  after  the  implan¬ 
tations  were  scheduled  and  did  not  permit  desired 
changes  in  estimated  fluenccs 

.4.  Model  calculations 

The  theoretical  approach  proposed  h\  Sigmund  (ref. 
|5],  eh.  2)  has  been  used  to  calculate  the  elemental 
sputtering  yields  for  these  experiments.  Based  on  preci¬ 
ous  experience  we  recognize  that  the  welds  so  calculated 
max  be  incorrect  by  nearly  a  factor  of  two  1 10)  1  he  use 
of  theoretical  values  was  done  for  consistence  because  a 
complete  set  of  experimental  values  was  not  available  at 
this  energy.  The  elemental  yields  were  then  corrected  for 
modified  surface  binding  energy  to  determine  the  par¬ 
tial  sputtering  welds  in  the  manner  proposed  bv  Re¬ 
ynolds  1 7). 

The  elemental  yields  ( >  <  1 1|  for  both  the  beam  species 
and  target  species  were  determined  applwnc  i  ref  |5|.  eh 
4) 

,  0.042 o <  \1  Mu .  0  )  S„(  /../,./) 

>(1)=  vr  "> 

where  M  is  the  dtomic  maw  /  is  ihe  nuclear  charge.  Sn 
is  ihe  nuclear  stopping  power  al  the  surface  for  beam 
particles  of  energv  E.  V  is  the  atomic  dcnsitv  of  the 
target.  0  is  the  angle  of  the  beam  with  respect  to  the 
target  normal,  and  L  is  the  surface  binding  energv  I  he 
subscripts  0  and  /  refer  to  the  beam  atom  and  target 
atom,  respectively.  The  constant  <*  is  taken  from  an 
earlier  paper  bv  Sigmund  |11]  in  which  the  variation 
with  angle  is  given  as  .sec'  V 

The  partial  sputtering  yields  were  then  calculated 


applying  (7) 

>,  =  n,C,Y(  1 ), 

(2) 

with 

>'„o 

in 

where  n  is  the  atomic  surface  fraction.  C  is  the  surface 


binding  energv  correction  term  and  i  is  the  index  >4 
species  piesent  in  the  target  including  the  beam  spews 
Ihe  suit  ace  binding  energv  correction  term  is  one  o! 
three  corrections  that  may  be  applied  u*  determine  the 
partial  sputtering  yields  as  the  surface  region  and  the 
implanted  region  are  altered  bv  implantation  ot  the 
beam  species  The  ef feels  of  the  beam  spews  have  been 
observed  when  the  atomic  surface  fraction  for  the  im¬ 
planted  species  is  less  than  0.005  [|oj  J  he  Miil.ue 
binding  energv  correction  term  is  of  the  form 

<  /  i  ,  (  «  )  -  ( 4  > 

where  l  is  the  surface  binding  energv  used  in  e^  ill 
and  corresponds  to  the  sublimation  energv  per  atom  or 
to  the  surface  binding  energy  per  atom  us  calculated  hv 
Jackson  f  12J.  The  average  surface  binding  energv.  L  t  m. 
as  a  function  of  the  atomic  surface  fractions  in  de¬ 
termined  from 

(  i  >i )  -  Y.n, i 

1  he  index  /  is  over  .ill  component'  in  the  target  vutface 
and  ;  ix  the  number  of  binding  interaction',  used  in 
determining  the  binding  energy  per  interaction  In  solid 
solutions  the  number  assigned  to  correspond'  to  the 
number  of  atoms  in  the  nearest  neighbor  set  lor  an 
atom  in  the  target  surface.  The  binding  energv  pel 
interaction.  {  .  is  calculated  in  the  following  manner 


where  r  is  ihe  atomic  radius  of  the  indexed  specie' 

This  surface  binding  correction  term  Joes  ma  con¬ 
sider  effects  due  to  chemical  bonding  (covalent  or  elcv- 
trovalent)  that  occur  when  compound'  form  \  sinnlat 
term  max  be  derived  to  correct  the  atomic  densitv  term. 
\ .  in  ect  (1).  hut  this  has  not  been  applied  in  the 
calculations  which  arc  presented  m  table  1  as  the  effect 
was  considered  small  for  the  reported  implantations 
I  he  correction  to  the  stopping  power.  has  also  been 
neglected,  f  or  a  (wo  component  vvsiem  neglecting  the 
latter  two  corrections,  the  partial  weld  equations  max 
be  solved  for  the  steadx  state  conditions  tic.  ),  li 
I  Itese  calculations  are  presented  ill  table  1 

4.  Discussion  of  results 

f  igs  la  and  lb  show  the  angular  distributions  lot 
the  gold  beam  of  the  sputtered  particles  relatixe  to  the 
target  normal  for  the  four  incident  angles  o'  ,nv  beam 
I  lie  sputtered  particle  distributions  for  the  tantalum 
implant  have  about  the  same  appearance  Within  ex¬ 
perimental  errors  the  distributions  appear  swimiclriv.il 
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about  the  target  normal  ami  appear  to  he  about  cosine 
squared  distributions 

t  he  experimental  partial  welds  were  determined  from 
the  distribution  data,  these  are  presented  m  table  I 
along  with  other  experimental  data  lor  onlx  3  eases 
160  Au.  45"  la.  M)  la)  did  the  pre-foil  fluencc  exceed 
the  predicted  steads  state  fluencc  requirement  Since 
steads  state  had  not  been  achieved  one  expects  experi¬ 
mental  partial  welds  for  the  beam  species  to  he  less  than 
one.  and  correspondingly,  partial  welds  for  (he  copper 
to  be  larger  than  expected  steady  state  valves 

Fig.  2  compares  the  beam  species  depth  profiles  for 
both  experiments  as  a  function  of  the  incident  beam 
angle.  All  implantations  were  expected  to  reach  the 
steady  state  as  these  profiles  result  from  analyses  of  the 
targets  after  the  total  implantation.  For  the  profiles  one 
observes  that  only  the  60"  gold  implantation  is  at  steady 
stale  and  that  the  60  tantalum  implantation  is  at  near 


steady  state  (he  remaining  profiles  are  indicative  of 
non-steadv  state  conditions  and  there  are  significant 
differences  between  the  two  experiments.  The  gold  im¬ 
plantation  into  the  copper  is  typical  of  the  solid  state 
solution  where  there  are  negligible  chemical  effects, 
whereas  the  asymmetry  of  the  profile  in  the  tantalum 
implant  with  the  much  steeper  slope  near  the  surface  is 
indicntisc  of  additional  chemical  effects  in  the  surface 
region  Singer  1 13.14)  and  Hartley  |3)  have  observed 
similar  beam  profiles  where  the  reactive  species  has 
formed  a  carbide  at  the  surface  which  is  subsequently 
recoil  implanted,  mixed,  and  diffused  in  the  near  surface 
region.  The  observed  greater  range  than  expected  in¬ 
creases  the  fluencc  necessary  to  reach  steady  state, 
effectively  reducing  the  net  and  partial  sputtering  yields 
at  this  fluency  The  extended  range  mas  be  the  result  of 
cascade  mixing  diffusion,  recoil  implantation  and  low 
cncrex  channeling  all  effective  altering  the  nuclear  stop- 
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f  ig.  I  Normalized  angular  distribution**  of  sputtered  particles 
for  incident  beam  angles  a)  Copper  distribution  vs  angle  from 
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ping  power  in  this  region. 

From  the  data  collected,  when  the  appropriate  cor¬ 
rections  for  the  effect  of  the  beam  species  are  included, 
the  sputtering  yield  is  seen  to  approximate^  match 

T(0)  =  F(0)sec'  '«  (X) 

in  general  agreement  with  the  Sigmund  theory  The 
retained  dose,  correspondingly,  decreases  with  an  in¬ 
creasing  incident  angle  requiring  careful  consideration 
of  implantation  geometries  when  modifying  indusln.il 
components  by  ion  implantation. 

5.  Summary 

For  the  two  systems  studied,  we  have  demonstrated 
the  effect  of  the  incident  beam  angle  on  both  sputtering 
yields  and  the  portion  of  the  flucncc  retained  in  the 
target  post  implantation.  The  effect  of  the  beam  species 
on  the  implantation  process  is  also  observable.  The 
model  calculations  for  this  effect  begin  with  the  onset  of 
implantation  although  experimentalk  the  effect  is 


noticeable  when  the  atomic  surface  fraction  for  the 
beam  species  i>  small.  1  he  observations  and  calculations 
confirm  that  one  cannot  neglect  the  effects  of  the  im¬ 
planted  species  in  the  sputtering  regardless  of  the  beam 
species  or  beam  energy,  in  comparing  the  implanted 
profiles  of  gold  and  tantalum,  there  is  evidence  of  a 
chemical  interaction  near  the  surface  in  ihc  case  of 
tantalum  which  could  he  vacuum  environment  related 
Although  the  model  used  docs  not  completely  predict 
the  surface  and  implanted  region  behavior,  it  is  a  step 
toward  being  able  to  develop  a  more  complete  model. 
Additional  improvements  in  the  model  incorporating 
additional  corrections  and  additional  experiments  are 
necessary  to  determine  the  exact  nature  of  the  chemical 
interaction  occurring  during  the  tantalum  implantation 
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ABSTRACT 

Future  applications  of  ion  implantation  require  a 
knowledge  of  how  the  retention  of  implanted  ions  varies 
with  angle  of  ion  incidence.  In  this  work  the  retention 
of  150-keV  Ar,Ti,Cr,and  Ta  ions  in  AISI-M50  and  52100 
bearing  steels  was  measured  for  incidence  angles  up  to 
60°  off  normal.  Fluences  between  3x10^5  and 
3xlol?/cm2  were  used,  typically  on  3/8"  diameter 
cylindrical  samples.  Retention  was  measured  for  Ar,  Ti, 
and  Cr  by  ion  induced  x-ray  emission  and  for  Ta  by 
backscattering  of  He  ions.  Range  and  sputtering 
parameters  needed  for  model  calculations  were 
experimentally  determined  from  Ta-implanted  thin  Fe  film 
samples.  Generally,  at  the  low-fluence  limit  a  near-cos  e 
dependence  obtained  while  at  the  high-fluence  limit  a 
(cos  e)8/3  dependence  applied  where  e  is  the  angle 
between  the  sample  normal  and  the  beam  direction. 


INTRODUCTION 

It  is  clear  that  in  practical  applications  it  will  be  necessary  to  ion 
implant  some  metal  workpieces  at  non-normal  angles  of  incidence.  Not 
surprisingly,  there  is  conce, n  that  large  angles  of  incidence  may  limit 
the  benefits  obtainable  by  line-of-site  ion  implantation.  Singer  and 
Jeffries  [1]  have  provided  recent  evidence  that  the  angle  of  incidence  can 
be  an  important  factor  in  determining  the  friction  and  wear  properties  of 
Ti-implanted  steel,  substantiating  some  of  these  concerns. 

Since  the  benefits  of  ion  implantation  are  typically  related  to  the 
concentration  of  the  ions  at  the  surface,  and  the  durability  of  this 
improvement  is  likely  related  to  the  depth  of  the  distribution,  it  is 
appropriate  to  consider  the  integrated  quantity  of  implanted  ions 
remaining  in  the  target  (the  retained  dose).  This  work  addresses  how  the 
retained  dose  of  Ar,  Ti,  Cr,  and  Ta  ions  implanted  into  steel  depends  on 
the  incidence  angle  of  the  ion  beam. 


EXPERIMENTAL  PROCEDURE 

The  angle  of  beam  incidence  was  controlled  by  implanting  a  scanned  ion 
beam  into  symmetrically  curved  surfaces  and  into  flat  samples  inclined  to 
the  beam.  In  the  majority  of  this  work,  Ar,  Ti,  and  Ta  ions  were 
implanted  into  stationary  3/8"  diameter  cylinders  of  AISI-M50  and  52100 
martensitic  bearing  steels.  M50  has  a  composition  of  Fe-4Cr-4Mo-lV-0.8C 
(in  weight  percent)  and  52100  has  a  composition  of  Fe-1.5Cr-1.0C.  Both 
steels  were  in  a  hardened  and  polished  condition.  A  Ta  slit  3/16"  wide 
limited  the  150-keV  ion  beams  to  a  specific  band  across  each  cylinder. 

The  slit  was  translated  along  the  cylinder's  axis  to  obtain  separate  bands 
for  fluences  between  3  x  lO^S  and  3  x  lO^/cm?  (all  fluences 
specified  are  for  normal  incidence).  Typically,  the  chamber  pressure  was 
3  x  10-®  torr  and  the  beam  current  density  was  between  1  and  15  uA/cm2 
during  these  implantations. 


Other  steel  samples  were  implanted  under  similar  conditions.  Flat 
disks  of  52100  steel  were  inclined  at  various  angles  up  to  40°  to  the 
beam  and  collectively  implanted  with  145-keV  Ta  ions  to  a  fluence  of  2  x 
10^7/cm2.  An  M50  steel  inner-ring  raceway  of  a  ball  bearing  (2-cm 
bore  diameter,  7.94-mm  ball  diameter)  was  implanted  with  150-keV  Cr  ions 
to  a  fluence  of  2  x  10l2/cm2.  This  was  the  only  concave  surface 
examined.  Additionally,  150-keV  Ti  ions  were  implanted  to  a  fluence  of  1 
x  10l8/cm2  into  a  1/4"  diameter  half  cylinder  of  304  stainless  steel 
(Fe-18  Cr-8Ni ) . 

Fe  thin-film  samples  were  also  Ta-ion  implanted.  An  A1  cylinder  (3/8“ 
diameter)  was  coated  with  1600*  of  evaporated  Fe  and  implanted  with 
1  x  10l7Ta/cm2  at  145  keV  in  a  3/16“  wide  band.  This  sample  enabled 
measurement  of  both  Ta  retention  and  sputtering  yields  for  Ta  and  Fe  as  a 
function  of  incident  angle.  Sputtering  yields  and  retention  were  also 
examined  as  a  function  of  fluence  at  normal  incidence  using  1900^-thick  Fe 
films  on  a  saphire  substrate.  Fluences  of  1  -  18xl0l6/cm2  were 
examined. 

The  retention  of  implanted  Ar,  Cr,  and  Ti  ions  was  determined  by 
proton  or  alpha-induced  x-ray  emission  (PIXE),  and  of  implanted  Ta  ions  by 
2-MeV  Rutherford  backscatter ing  (RBS)  of  He+.  During  the  analysis,  the 
3/8"-diameter  cylinders  were  rotated  about  their  axis  to  select  a  specific 
incidence  angle  of  the  various  implanted  ions.  The  M50  bearing  race  was 
rotated  during  analysis  so  that  the  angle  of  Cr  incidence  was  examined  in 
the  ball  raceway  at  one  radial  section  of  the  inner  ring.  The  incidence 
angle  on  the  l/4"-diameter  304  s.s.  half  cylinder  was  selected  by 
translating  the  cylinder  diameter  across  the  beam  during  analysis.  This 
latter  technique  was  somewhat  less  accurate  and  was  therefore  abandoned  in 
later  work.  It  was  not  possible  to  analyze  implanted  Ti  in  M50  due  to 
overlap  with  the  V  signal  from  the  bulk.  For  RBS  analysis  a  scattering 
angle  of  135°  was  used,  and  for  the  PIXE  work  an  angle  of  90°  between 
the  detector  and  beam  direction  was  used,  except  for  the  Cr  in  M50  bearing 
analysis  where  an  angle  of  65°  was  used.  The  PIXE  determinations  of 
retained  dose  were  all  -  )rmalized  to  the  retention  at  0°  incidence, 
whereas  the  absolute  retention  (in  ions/cm?)  was  obtained  from  the  RBS 
measurements.  As  mentioned  RBS  measurements  also  provided  the  Fe  and  Ta 
sputter  yields  from  the  Fe  thin-film  samples. 


RESULTS  AND  DISCUSSION 
Theoretical 


A  rather  simple  dependence  of  the  retained  implantation  dose  on  angle 
of  incidence  can  be  derived  at  both  low-dose  and  high-dose  (or 
steady-state)  limits,  using  the  model  of  Schulz  and  Wittmaack  [2]  for  the 
evolution  of  the  concentration-versus-depth  profile  from  high-dose  ion 
implantation.  This  model  assumes  that  the  implanted  ion  occupies  no 
volume  (i.e.  no  swelling  occurs),  the  sputter  coefficient  and  projected 
range  remain  constant,  and  no  ion  mixing  or  diffusion  occurs.  Although 
these  assumptions  appear  quite  restrictive,  they  do  not  prevent  the  model 
from  identifying  to  first  order  the  functional  dependence  of  ion  retention 
on  incidence  angle. 

Fig.  1  shows  the  evolution  of  an  implantation  profile  with  increasing 
fluence  based  on  the  Schulz  and  Wittmaack  model.  Rp  and  a  represent  the 
projected  range  and  straggling  of  the  incident  ion,  respectively,  S  the 
constant  sputter  coefficient,  Fjon  the  atomic  fraction  of  ions  in  the 
target,  and  u  the  thickness  of  material  sputtered  off  (S+/N)  relative  to 
Rp  after  an  implantation  fluence  4>(ions/cm2).  N  is  the  constant 
target  atomic  density  (at,/cm3).  This  figure  represents  implantations 
for  which  Rp/o»6  /T. 
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Fig.  1  Development  of  implanted  ion  distribution  with  increasing  fluence 
for  case  of  Rp/o  =  6  / 2 <■>  is  the  amount  of  material  sputtered 
away  relative  to  the  projected  range,  Rp. 

In  the  low-fluence  limit  for  this  value  of  Rn/o,  all  implanted  ions 
are  retained  beneath  the  surface,  as  is  evident  from  Fig.  1.  For  an 
incident  fluence,  4>0,  specified  for  normal  incidence,  the  actual  fluence 
is  ♦Ocos  e  where  e  is  the  angle  between  the  beam  direction  and  the  surface 
normal.  Therefore,  the  retention,  R(ions/cm2),  at  low  fluences  should  be 

Ro  =  +o  cos  e  (1) 

In  the  high-fluence  limit,  the  retention  of  ions  is  related  to  the  area 
under  the  curve  shown  in  Fig.  1  with  u=3/2.  Approximating  this  area  by  a 
step  function  of  height  S  F-jon  with  the  step  at  X=Rp  leads  to 
RaNRp/S.  At  non-norma 1  incidence,  Rp  shortens  to  Xp=Rp  cos  e  and  S 
increases.  Sigmund  [3]  has  estimated  that  S  depends  on  e  according  to 
S=S0/cosfe  with  f  approximately  equal  to  5/3  for  target  masses  less  than 
about  3  times  the  ion  mass,  a  condition  met  in  all  of  the  present  work. 
Combining  these  angular  dependences  leads  to  a  high-fluence  limit  of 

NR 

R »  =  — -  (cos  e)8/3  (2) 

So 

At  intermediate  fluences,  R  should  vary  with  9  so  as  to  fall  between  the 
two  limits  set  by  Eqs.  1  and  2. 

A  more  realistic  description  of  the  evolution  of  an  implantation  profile 
is  shown  in  Fig.  2,  where  Rp/o  =  / 2 This  value  of  Rp/o  is  more  in 
line  with  the  values  of  1.7  -  2.8  expected  for  normal  incidence  and  the  ions 
and  targets  studied  here.  Even  in  Fig.  2,  however,  close  examination 
reveals  that  in  the  high  fluence  limit  (w-3),  the  area  under  the  curve  can 
be  closely  approximated  by  a  step  function  of  height  S  Fi0n  and  width 
X»Rp.  However,  conditions  may  worsen  at  non-normal  incidence  since  xp/o 
is  smaller.  Similarly,  the  retention  at  low  fluences  may  deviate  from  the 
cos  9  dependence  due  to  an  increase  of  ion  loss  from  backscattering  at  large 
incidence  angles. 

Fig.  3  shows  the  extent  to  which  Eqs.  1  and  2  deviate  from  the  low  and 
high-fluence  limits  expected  from  the  complete  Schulz  and  Wittmaack  model  of 
retention  during  implantation  of  145-keV  Ta  into  Fe.  The  model  calculation 
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used  measured  values  for  Rp,  0,  and  S0  of  106^,  122%,  and  6.0, 
respectively,  and  assumed  Xp=Rp  cos  e.  The  dashed  lines  in  Fig.  3 
represent  values  at  low  fluence  from  Eq.  1,  normalized  at  e=0°,  and  at 
high  fluence  directly  from  Eq.  2.  [n  the  low-fluence  limit,  even  though  w 
is  only  0.1  at  0°,  retention  falls  off  more  quickly  than  cos  e  with 
increasing  angle  due  to  an  increase  in  ion  backscattering.  In  the 
high-fluence  limit,  however,  the  simple  approximations  of  Eq.  2  seem  to  hold 
quite  well.  This  was  found  to  be  true  for  all  cases  of  the  present  work. 
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Fig.  2.  Development  of  implanted  ion 
distribution  with  increasing 
fluence  for  Rp/o  =  /2. 


Experimental 


Fig.  3.  Theoretical  retention  of 
implanted  Ta  ions  as  a 
function  of  incidence  angle 
and  normal  fluence.  Dashed 
lines  are  simplified  versions 
of  theory  for  low  and  high- 
dose  limits.  Measured  values 
for,Rp.°  gnd  S0  w^re 
206ft,  122A,  and  6.0, 
respectively. 


Because  theory  predicted  a  more  general  result  for  retention  in  the 
high-fluence  limit,  comparison  with  experiment  was  first  conducted  in  that 
regime.  Fig.  4  shows  the  retention  of  various  ions  normalized  to  unity  at 
»«0°.  All  fluences  were  selected  to  produce  a  steady  state  distribution 
in  the  target.  For  Ar-and  Cr-implanted  samples  good  agreement  between 
theory  and  experiment  was  obtained.  The  slight  discrepancy  near  60°  for 
the  304  stainless  steel  target  implanted  by  Ti  is  believed  caused  by 
difficulties  in  the  experimental  measurement.  These  were  associated  with 
the  small  cylinder  diameter  and  the  translation  approach  to  selecting  e. 
Conversely,  the  slightly  narrower  shape  to  the  distribution  observed  in 
Ti-implanted  52100  and  somewhat  more  so  in  Ta-implanted  M50  is  believed  to 
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be  real.  A  similar  narrower  shape  was  also  observed  from  Ta-implanted  52100 
flat  samples,  the  Ta-implanted  52100  cylinder,  and  the  Ta-implanted  Fe  film 
on  A1  cylinder. 

To  assess  where  the  model  was  failing  in  Ti  and  Ta-implanted  steel,  the 
absolute  retention  of  Ta  in  M50  and  52100  cylinders  was  determined  as  a 
function  of  incident  angle  and  fluence.  Only  results  for  the  52100 
cylinder  are  shown  in  Fig.  5,  although  analogous  results  were  obtained  from 
the  M50  cylinder.  For  fluences  up  to  about  lxlO^/cm^,  theory  agreed 
within  experimental  accuracy  with  the  data.  However,  at  higher  fluences 
where  sputtering  becomes  important,  much  more  retention  was  measured  at  all 
angles  than  was  predicted  by  the  Schulz  and  Wittmaack  theory,  even  though 
the  input  values  for  Rp,  o  and  S0  had  been  measured  in  Fe  thin-film 
samples. 


H  idegreflii 

Fig.  4.  Normalized  retained  dose  in  Fig.  5.  Retention  of  implanted  Ta 
the  high-dose  limit  from  in  52100  cylinder  as  function  of 

simplified  theory  and  from  fluence  and  incidence  angle  for 
measurements  on  steel  theory  and  experiment.  Theory 

cylinders.  Data  points  at  used  measured  Rp,  o  and  S0  as 

normal  incidence  were  not  input  and  same  fluences  as 

plotted.  experiment. 


A  more  elaborate  calculation  of  retention  versus  fluence  at  normal 
incidence  was  performed  for  Ta  implantation,  based  on  the  model  of  Krautle 
[4].  This  model  includes  the  effects  of  target  swelling,  range  shortening, 
and  preferential  sputtering,  but  not  migration.  This  model,  like  the  Schulz 
and  Wittmaack  model,  predicts  a  plateau  level  for  the  atomic  fraction  of 
beam  atoms  beneath  the  surface.  This  level  is  equal  to  1/S  where  S  is  the 
total  sputtering  coefficient  of  both  ion  and  target  atoms.  Target  swelling 
and  range  shortening  alone  reduced  the  saturation  retained  dose  of  Ta  by 
about  5%.  Including  preferential  sputtering  (which  alters  S)  could  drive 
theoretical  retention  towards  the  experimental  results,  but  the  change  in  S 
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required  was  unrealistic  when  compared  to  the  values  measured  from  Fe 

thin-f i 1m  samples. 

A  plausible  explanation  of  the  discrepancy  shown  in  Fig.  5,  then, 
is  that  preferential  removal  of  Fe  combined  with  ion  mixing  resulted  in  the 
increased  retention  of  Ta,  distributed  over  about  the  range  of  the  incident 
ion.  This  is  in  fact  the  model  discussed  by  Liau  and  Mayer  [5].  From  this 
model  it  can  be  shown  that  the  steady  state  distribution  of  implanted  ions 
can  again  be  represented  by  a  step  function  of  width  about  ftp  ana  height 
(in  atom  fraction  of  beam  atoms)  equal  to  1 / S i on ,  where  Sion  is  the 
sputter  coefficient  for  ions  incident  on  themselves  as  a  pure  target. 
Therefore,  this  new  model  predicts  approximately  the  same  dependence  on 
angle  as  described  by  Eq.  2,  with  the  amplitude  scaled  by  approximately  the 
ratio  of  S  to  Si0n.  In  the  present  work  this  implies  that  Sjon  for  Ta 
should  be  about  3.  Ongoing  research  at  NRL  will  attempt  to  determine 
whether  this  assessment  is  correct.  Considering  this  latter  model  to  be 
correct,  perhaps  the  slight  discrepancy  between  experiment  and  Eq.  2  in 
Fig.  4  is  caused  by  variations  in  the  preferential  removal  of  Fe  or  in  ion 
mixing,  with  changing  angles  of  incidence.  This  might  be  related  to  the 
carburization  process  which  is  known  to  occur  during  the  implantation  of  Fe 
by  reactive  metal  ions  like  Ti*  and  Ta+. 


CONCLUSIONS 

The  experimental  data  suggest  that  the  preferential  removal  of  Fe 
combined  with  ion  mixing  during  implantation  with  Ta  is  necessary  to  explain 
the  fluence  dependence  of  Ta  retention  observed  in  steels.  It  is  not  clear 
from  the  present  results  whether  these  processes  also  occur  during  the 
implantation  of  Ar,  Ti,  or  Cr  ions  into  these  same  steels. 

Nevertheless,  in  the  high-fluence  limit  the  retention  of  all  these 
ions  follows  quite  closely  a  (cos  o)8/3  dependence  ,  where  e  is  the  angle 
between  the  beam  direction  and  the  surface  normal.  A  slightly  stronger 
decay  with  increasing  angle  of  incidence  does  appear  to  occur  for  Ta  and 
sometimes  Ti-ion  implantations.  At  lower  fluences  the  retained  dose  falls 
off  more  gradually  with  increasing  e  but  may  never  quite  approach  the  cos  e 
dependence  expected  at  low  fluences  from  simple  arguments,  since  an  increase 
in  ion  backscatter ing  occurs  at  large  angles  of  incidence. 
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total  and  elemental  sputtering  yields.  and  angular  and  energ\  distributions  of  sputtered  atoms,  are  calculated  as  a  function  o! 
surface  sontpi'si l ion  frir  the  cases  of  90  keV  Cu  and  Ni  ions,  respeclo ok  normalls  incident  on  I  u  \'i  hui-irs  alloc  targets  using  the 
binary  collision  cascade  code  MARI  OW  H.  The  results  are  compared  wnh  experiment 


1.  Introduction 

The  use  of  ton  implantation  for  modifying  metallic 
surfaces  is  becoming  an  accepted  technique  for  the 
production  of  specialized  alloy  structures  in  industrial 
applications.  High  energy,  large  fluenee  irradiations  arc- 
required  for  these  processes.  In  order  to  gain  an  under¬ 
standing  of  the  mechanisms  involved,  it  is  important  to 
study  the  mutual  dependence  of  the  changing  atomic- 
surface  fractions  and  target  sputtering  vtelds  in  this  high 
fluenee  regime.  Experimental  results  have  recently  been 
reported  for  the  high  fluenee  implantation  of  polycrys¬ 
talline  elemental  (  u  and  Ni  targets  by  91)  keV  Ni  and 
Cu  ions,  respectively  [1  3|.  Sputtering  vields.  atomic 
surface  fractions  and  angular  distributions  were  mea¬ 
sured  as  a  function  of  fluenee  up  through  the  steads 
state.  We  have  examined  these  data  using  the  binary 
collision  cascade  code  MARLOWE  (version  11)  |4  6] 
We  discuss  the  model  used  in  section  2,  below,  and  the 
total  and  partial  sputtering  yields  obtained  in  section  .V 
The  angular  and  energy  distributions  we  obtained  for 
the  sputtered  atoms  are  examined  in  section  4. 

2.  The  computational  model 

The  computational  model  used  b\  the  code 
MARLOWE  for  sputtering  calculations  is  amply  de¬ 
scribed  in  refs.  (4  6]  As  in  our  earlier  studv  of  the  self 
sputtering  of  Cu  and  Ni  at  90  keV  (7|.  we  used  targets 
having  finite  thickness  (11  lattice  spactngs)  For  both 
Cu  and  Ni  we  took  the  low  energy  cut  off  and  the 
minimum  displacement  energv  to  be  S  eV.  All  the 
MARLOWE  calculations  were  performed  using  a  zero 
surface  binding  energv.  L\.  and  an  auxiliarx  code  used 
to  impose  a  planar  surface  binding  energy  condition  on 
the  atoms  that  had  escaped  the  surface.  In  this  wav 
sputtering  yields,  angular  and  energv  distributions  could 
be  explored  easily  as  a  function  of  The  Molicre 


interatomic  potential  was  used  with  the  screening  radius 
of  ref  |4|. 

We  modeled  the  target  as  a  polycry stalhne  binary 
mixture  of  Cu  and  Ni.  The  prohahilitx  that  during  am 
collision  a  target  atom  was  of  a  particular  species  lor  the 
other)  was  determined  stochastically  bv  the  atomic  frac¬ 
tion  of  that  species,  i.e.  the  collisions  were  stoichiomet¬ 
ric  and  we  assumed  a  uniform  stoichiometry  throughout 
the  targei.  1  his  is  reasonable  since  our  calculations  in 
ref.  ( 7]  show  that,  in  Ihe  cascade  model,  the  sputtering  is 
not  sigmficanilv  affected  at  this  energv  bv  collisions 
that  occur  more  than  approximates  11  lattice  spactngs 
below  the  surface.  This  is  also  found  in  the  present 
calculation  as  seen  in  fig.  3  below  In  addition  Reynolds 
el  al.  |X|  have  shown  that  for  90  keV  implantation,  the 
sleadv  state  implanted  species  depth  profile  does  not 
begin  to  drop  off  till  a  depth  of  approximates  In  nm 
The  lattice  spaemgs  used  in  this  calculation  were  a 
weighted  linear  average  of  ihe  elemental  lattice  spacing' 
the  weights  being  the  respective  atomic  fractions 
( Vegard's  Law  ) 

.1.  Sputtering  yields 

We  calculated  partial  and  total  sputtering  vields  lor 
three  stoichiometries  (including  the  steads  state!  for  9(1 
keV  Cu  ions  normalls  incident  on  an  ongmalls  elemen¬ 
tal  Ni  target  (corresponding  to  three  incident  fluencesi 
and  for  the  steads  state  surface  traction  for  Si  modem 
Cu  I  he  atomic  fractions  used  were  obtained  fiom 
the  xvplic.il  emission  speed. i  o(  Rcsnolds  |1|  Ibis  was 
liislificd  bv  the  results  of  Rcsnolds  el  al  |S|  who  showed 
lhal  the  optical  emissions  tracked  Ihe  surface  atomic- 
fractions  well 

I  or  Ihe  Cu  on  Ni  in.idiation.  we  calculated  Ihe 
welds  for  ihe  atomic  fractions  ('<4'.  Nt.  <•'<  (  ul.  iMv9 
Ni.  129  t  ul  and  l‘’7'i  Ni.  2  '9  (  ul.  the  Iasi  .el  being 
the  steads  state  atomic  smf.ice  fi.wtion  As  a  iomp.ni 
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Table  1 

Sputtering  welds  ( .S'  t  from  MARLOWE  for  So  keV  t  u  UK  idem 
on  Ni  and  Ni  incident  on  Cu.  respectisels.  as  a  function  of  the 
atomic  surface  fraction  of  Cu 


(  u  fraction 

1<t> 

VfNil 

VI  Cul 

-Silo 

tal) 

Cu  on  Ni 

6 

3.52  r  U  5 

0.22  ♦  0  05 

3  74 

♦  0  5 

12 

3  41  *05 

0  53  ♦  0.1 

3  94 

♦  0  5 

23 

3  42  t  0.4 

0  97  ♦  0  1 

4  39 

t  04 

Ni  kin  Cu 

77 

1  07  +  0  16 

3  20  ♦  0  3K 

4  27 

♦  0  4 

sort,  for  the  Ni  irradiation  see  used  the  steads  state 
fraction  (2.3T  Ni.  77't  Cul.  Values  of  surface  binding 
energs  are  not  well  known.  In  order  to  fit  the  self 
sputtering  yields  (and  angular  distributions)  for  Cu  and 
Ni.  values  for  L\  of  5.0  eV  and  6.0  eV.  respectively,  were 
used.  For  our  present  calculations  we  found  it  adequate 
to  use  a  common  value  for  both  Cu  and  Ni  of  5.5  eV. 
The  results  are  shown  in  table  1. 

The  sputtering  yields  are  seen  to  be  stoichiometric, 
eg.  for  the  Ni  on  Cu  steady  state  yield  shown,  the  Cu 
partial  sputtering  yield  is  75T  of  the  total  yield.  Similar 
results  obtain  for  the  Cu  on  Ni  irradiations.  Indeed  we 
found  that  this  result  holds  independently  of  the  surface 
binding  energy  .  We  varied  L„  from  4  5  eV  to  7.0  eV  for 
each  case  and  found,  as  expected,  that  both  partial  and 
total  sputtering  yields  varied  approximately  inversely 
with  (7,  and  that  the  yields  were  always  distributed 
stoichiometric-ally.  This  seems  to  imply  that  the  sputtered 
Cu  and  Ni  angular  and  energy  distributions  are  indeed 
very  much  alike.  We  shall  see  below  that  this  is  so.  The 
last  two  rows  in  table  1  corroborate  the  experimental 
finding  that  these  two  are  the  steady  stale  surface 
fractions. 

It  is  interesting  to  compare  these  results  with  those 
predicted  by  the  formula  of  Haff  and  Switkowski  |4| 
which  predicts  similar  behavior.  These  are  given  in  table 
2.  The  agreement  of  the  partial  scattering  sields  is  clear 


Table  2 

Sputtering  welds  <  .V  (from  Haff  and  Switkowski  (9|  for  l ,  -  5  5 
eV 


Cu  fraction 

■V(Ni) 

S3  Cul 

.V(  total) 

Cu  on  Ni 

6 

4  22 

0  27 

4  51 

12 

3  9b 

0  54 

4  50 

23 

3  49 

1.04 

4.53 

Ni  on  Cu 

77 

1.07 

3  59 
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Tig  1.  The  angular  distributions  of  spullered  Ni  and  Cu  atoms 
for  ihe  case  of  90  keV  Ni  implantation  of  Cu  near  steady  slate 
ffuence.  The  data  are  lhal  of  Reynolds  el  al  |1]  Both  experi¬ 
mental  and  calculated  distributions  are  normalised  to  units  al 
zero  exit  angle 


4.  Angular  and  energy  distributions 

Reynolds  et  al.  [))  have  measured  the  angular  distri¬ 
butions  of  sputtered  Cu  and  Ni  atoms  at  near  steads 
stale  fluence  for  90  keV  Ni  ions  incident  on  Cu  Their 
results  are  depicted  in  fig.  1.  together  with  the  results  of 
the  MARLOWE  calculation.  The  experimental  distribu¬ 
tion  was  normalized  to  unity  at  zero  exit  angle,  and  so 
we  have  normalized  ihe  MARLOWE  distribution  in  the 
same  wav.  Due  to  a  statistical  fluctuation  in  the  lowest 
exit  angle  bin.  this  had  the  effect  of  artificially  pushing 
the  whole  calculated  Ni  distribution  down  a  bit  too 
much.  With  this  in  mind,  the  general  agreement  is  clear, 
both  distributions  being  very  similar  Within  statistical 
errors,  both  experimental  and  calculated  distributions 


Ni*  *Cu 

SPUTTERED  Cu  ANGULAR  DISTRIBUTION 


cos  9 


f  ig  2  The  calculated  spullered  Cu  angular  distribution  for  the 
case  of  90  keV  Ni  implantation  of  Cu  al  near  steads  slate 
fluence  Zero  surface  binding  energs  was  assumed  for  this 
distribution 
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0.0  40  8  0  12  0  16.0  *  40  80  12  0  16  0 

SPUTTERED  PARTICLE  ENERGY  <eV) 

Fig.  3.  Calculated  energy  spectra  for  spultered  Ni  and  Cu 
atoms  in  the  low  energy  regjme  (less  than  20  eV)  for  the  case  of 
d()  keV  Ni  implantation  of  Cu  at  near  steady  state  fluence. 


show  a  cos  0  dependence  for  both  atomic  species.  This 
is  not  independent  of  the  surface  binding  energy,  how¬ 
ever.  If  zero  surface  binding  is  assumed,  the  calculated 
angular  distribution  exhibits  a  cos2  0  dependence  on  the 
sputtering  angle.  This  is  illustrated  in  fig.  2  for  near 
steady  state  fluence. 

The  calculated  energy  distributions  of  both  sputtered 
species  for  the  steady  state  implantation  of  Ni  into  Cu 
are  shown  in  figs.  3  and  4  for  the  low  energy  {less  than 
20  eVl  and  high  energy  (up  to  140  eV)  regimes,  respec¬ 
tively.  In  both  regimes,  the  distributions  for  both  Cu 


Ni'+Cu  (NEAR  STEADY  STATE) 
SPUTTERED  ATOM  ENERGY  DISTRIBUTION 

m  - Ni 


I 

0.0  40~  ~60  80  100“  ^20  '  140 

SPUTTERED  PARTICLE  ENERGY  (eV) 

Fig.  4.  Energy  spectra  in  the  high  energs  regime  (up  to  140  eV> 
for  the  same  case  as  in  Fig  3. 


and  Ni  are  much  the  same.  This,  and  the  similarity  in 
the  angular  distributions  are  in  line  with  the  conclusions 
of  Anderson  and  Sigmund  |10)  that  the  only  significant 
deviations  from  stoichiometry  occur  for  the  case  of 
extreme  mass  ratios,  and  is  probably  also  the  explana¬ 
tion  for  the  surface  binding  energy  independence  of  the 
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Fig.  5.  Comparison  of  calculated  depth  distributions  of  sites  of  origin  of  sputtered  Ni  and  I  n  atoms  to  the  distribution  of  maximum 
depths  of  their  respective  sputtering  trajectories  for  the  near  steads  state  implantation  of  Ni  b\  ‘X)  ke\  Cu 
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stoichiometric  splitting  of  the  lota)  sputtering  yields 
among  the  partial  yields  of  the  sputtered  atoms  It  is 
interesting  to  note  that  the  low  energy  distribution  for  a 
90  keV  implantation  of  Ni.  as  shown  in  fig.  3.  is  sers 
much  the  same  as  that  calculated  for  0.9  keV  Ar  atoms 
normally  incident  on  amorphous  Cu  (6)  and.  as  shown 
in  that  reference,  with  the  distribution  measured  from 
polvcryslalline  C'u  by  Oechsner  [11] 

We  have  also  examined  the  sputtering  cascades  for 
both  the  C'u  and  Ni  irradiations  We  trace  the  chain  of 
collisions  back  from  each  sputtered  atom,  collision  by 
collision,  to  the  deepest  point  in  the  target  that  the 
chain  reaches  -  this  we  call  a  sputtering  trajectory  [7|. 
The  set  of  such  trajectories  we  term  a  sputtering  cascade. 
In  fig.  5  we  show  for  the  Cu  on  Ni  irradiation,  the 
distributions  of  the  depths  of  origin  of  both  the  sputtered 
C'u  and  Ni  atoms  and  the  distributions  of  the  maximum 
depths  of  the  sputtering  trajectories.  Again  the  C  u  and 
Ni  distributions  are  essentially  the  same  and  also  are 
similar  to  the  distributions  found  for  self  ion  sputtering 
J7J.  We  did  find  a  decrease  (from  20T  to  15T)  in  the 
number  of  Cu  and  Ni  sputtering  trajectories  that  con¬ 
tain  replacement  sequences  of  length  3  or  greater  from 
the  number  found  for  self  ion  sputtering.  Although  one 
expects  this  value  to  be  sensitive  to  mass  differences,  the 
change  found  here  max  be  just  a  statistical  fluctuation. 

5.  Conclusions 

We  have  shown  that  high  energy  heavy  atom  binary 
alloy  sputtering  angular  distributions  and  sputtering 
y  ields  can  be  accounted  for  hv  a  binary  collision  cascade 
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model  such  as  that  used  in  MARLOWK.  The  partial 
sputtering  yields  calculated  were  found  to  be  stoichio¬ 
metric  for  all  the  atomic  surface  fractions  we  consid¬ 
ered.  independent  of  the  surface  binding  energy  The 
energy  and  angular  distributions  and  the  structure  of 
the  sputtering  cascades  of  both  sputtered  species  were 
found  to  be  alike. 
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A ugcl  spectroscopy .  f  I)X.  and  optical  microscope  have  been  used  to  analyze  tile  friction  and 
wear  behavior  of  52100  steel  couples,  one  modified  by  1 1  implantation  i5  50-  10"/cm  at  I1!!) 
keV'i  A  low  friction  coefficient.//,  0  2.  was  measured  on  surfaces  that  were  carburized  by  high 
H Lienee  i  .  lb  ■  10"'  Ti/cm  i  implantation  A  full>  carburi/ed  layer,  produceti  at  50  ■  10"'  1 1/ 
cm  .  resisted  wear  and  retained  the  low  friction  coupling  Partially  carhuri/ed  lasers,  produced  at 
lb  and  20  •  10"  I  i/em  .  gave  all  initially  low  friction  coupling. //,  0  2.  hut  after  b  10  passes, 

the  partially  carburi/ed  layer  was  sheared  off  exposing  the  underlying  He  1 1  alloy  layer,  and  the 
friction  coefficient  rose  top,  OKA  high  friction  coefficient. //,  O  K.  was  also  measured  on 
initial  sliding  contact  with  a  surface  implanted  toa  low  fluence i5  •  10"  1  i/cm  i  High  friction  is 
attributed  to  high  adhesion  between  Ft-  in  the  slider  and  the  Fe-Ti  alloy  found  in  the  surface 
Continued  sliding  contact  tin  airi  against  the  Fe-T i  surface  oxidized  the  Ti  and  Fc.  and  the  friction 
coefficient  dropped  to  a  value  of  // .  0.6,  characteristic  of  the  nonimplanted  sliding  couples 


I.  INTRODUCTION 

Applications  of  ion  implantation  to  tribology  have  been 
mainly  concerned  with  finding  the  appropriate  implant  spe¬ 
cies  to  improve  the  tribological  properties  of  materials  '  * 
One  of  the  more  successful  candidates  for  reducing  friction 
and  wear  of  steels  has  been  Ti  implantation.  Fligh  fluence  Ti 
implants  have  produced  low  friction.'  '  abrasion  resistant." 
and  scuff  resistant  surfaces/  '  Low  fluence  Ti  implants, 
however,  appear  to  give  anomalously  high  friction  coeffi¬ 
cients  and  exhibit  considerable  surface  wear  4 

In  this  paper  we  examine  the  tribological  behavior  of  al¬ 
loyed  surfaces,  using  ion  implantation  to  change  the  compo¬ 
sition  of  a  hardened  steel  surface.  We  intend  to  establish  a 
chemical  basis  for  the  aforementioned  friction  and  wear  be¬ 
havior  of  Ti-implantcd  steel.  Auger  electron  spectroscopy 
lAESland  energy  dispersivex-rayanalysislEDXlare  used  to 
examine  the  composition  of  as-implanted  surfaces  and  scars 
produced  by  low  speed,  unlubricated  ball-on-flal  sliding 
conditions.  Scanning  electron  microscopy  (SEMI  and  several 
optical  interference  microscopies  are  used  to  examine  sur¬ 
face  textures 

II.  EXPERIMENTAL 

A.  Kinetic  coefficient  of  friction 

Friction  measurements  were  carried  out  in  air  1  -  5097 
RHl  at  room  temperatures  at  a  sliding  velocity  of  0. 1  mm/s 
The  sliders  were  1.27  cm  diameter  AISI  52100  steel  balls 
which  were  in  contact  with  steel  disks  0.95  cm  in  diamter 
and  0.22  cm  thick.  The  applied  force  was  9.8  N.  The  first 
passes  were  5  mm  in  length;  subsequent  passes  over  the  same 
track  were  2  mm  each. 

Disks  were  hardened!/?,  <>01  AISI  52 100  steels  ( 1  C.  1.5 


L’r.  balance  Fei  polished  to  a  melallographic  finish  During 
implantation  in  NRI.\  modified  Varian/FIxtrion  implatiter. 
disks  were  heat  sunk  onto  a  water-cooled  holder  and  kept 
near  room  temperature  I  <  40  “Cl  Samples  were  implanted 
to  fluences  ranging  between  5  and  50  >  101"  Ti  ’  /cm'  with  a 
190-keV  -4"Ti '  -beam  rastered  to  give  current  densities  of 
J  -  10-20 //A/cm;  The  target  chamber  was  cryogemcally 
pumped  to  base  pressures  of  7  mPa  I  —  5  «  10  '  Torn 

B.  Chemical  analysis 

Auger  analyses  were  performed  in  one  of  two  UH  V  'ham- 
bers:  one  equipped  with  a  Perkin-Elmer  (PHIl  model  if  545 
microprobe,  the  other  with  a  model  590  microprobe  o.patial 
resolution  <-  1  //ml  Auger  derivative  spectra  were  taken 
with  electron  beam  energies  V,  2  or  5  keV  and  recorded  at 
VmiMi  -  2  or  6  eV  modulation  amplitudes  either  directly  or 
by  a  peak-height  recording  multiplexer  Depth  profih-s  were 
recorded  during  ion  milling  with  a  rastered  2-keV-Ar-ion 
beam. 

Quantitive  Auger  analysis  was  performed  with  the  stan¬ 
dard  normalizing  formalism": 

/,/S, 

V,  =  - - . 

where  y,  is  the  atomic  concentration  of  element  i,  /,  is  the 
Auger  peak  to  peak  intensity  and  S,  is  the  Auger  sensitivity 
factor  for  a  given  Auger  peak. 

Sensitivity  factors  for  FeftM„  Ti4J0,  and  C:7,  lines  were  ob¬ 
tained  by  analyzing  reference  compounds  as  well  as  using 
nuclear  backseat tering  data  of  the  implanted  steels.'4  The 
FeftV,  and  Ti4JI,  require  different  sensitivity  values  for  oxides 
and  metal;  Ti4;„  uses  the  same  value  for  both  metal  and  car- 

•  IMS  American  Vacuum  Society  3t7 


317  J.  Vac.  Set.  Tccbnol.  A  1  (3).  Apr.  -Juna  1933  0734-21 01/33/02031 7-05*01. 00 


70 


31* 


I.  L.  Singer  and  R.  A.  Jeffries:  Surface  chemistry  and  friction  behavior 


31* 


Tahi  i  1 

1.  Auger  peak- to- peak  sensitivity  factor  for  C.  Ti.  O,  and  metal-lur  carbide)  and  oxidelike  spectra  of  T i  and  Ft 
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bide  The  values  used  to  calculate  atomic  concentrations  are 
listed  in  Table  I.  Sensitivity  factors  were  determined  for 
y,  =  2  and  5  keV  electron  beams  and  a  modulation  voltage 
of3eV;  they  were  later  scaled  fora  5-keV-beam  and  a  modu¬ 
lation  voltage  of  6  eV.'* 

Energy  dispersive  x-ray  analysis  (EDX|  was  performed  on 
an  Advanced  Metal  Research  model  1000  scanning  electron 
microscope  (SEMI  fitted  with  a  Kevex  model  5100  spec¬ 
trometer.  The  electron  gun  provided  a  20-keV-beam  on  inci¬ 
dence  45°  from  normal.  At  this  energy,  electrons  excite  x- 
rays  to  a  depth  of  about  1.5  /im  in  steel."’  Since  this 
excitation  depth  is  about  ten  times  greater  than  the  Ti  im¬ 
plant  depth,  we  may  take  the  Ti*„  /Few,  ratio  proportional 
to  the  Ti  concentration. 

Surface  textures  were  examined  in  wear  tracks  using  dif¬ 
ferential  interference  contrast  and  Michelson  interference 
objectives.  Depth  scales  for  ion-milled  surfaces  were  estab¬ 
lished  by  masking  surfaces,  then  measuring  crater  depths 
with  interferometry. 

III.  RESULTS 

A.  Chemistry  of  the  as-implanted  surface 

The  composition  of  a  Ti-implanted  steel  depends  strongly 
on  the  ion  energy  and  fluence  chosen,  because  of  sputtering 
effects  and  the  incorporation  of  carbon  from  the  vacuum 
system.411  At  low  fluences  an  implant-alloyed  surface  con¬ 
sists  solely  of  the  implanted  Ti  plus  the  host  constituents.  At 
higher  fluences,  a  third  component  C  can  enter  the  surface 
from  the  vacuum  system.  This  carburization  effect  with  in¬ 
creasing  fluence  can  be  observed  in  the  composition  profiles 
of  Fig.  1,  which  depict  the  Ti  and  excess  carbon  concentra¬ 
tions1’ obtained  by  Auger  analysis  for  52 100  steel  implanted 
at  190  keV  to  fluences  of  5,  16,  and  50x  10"’  Ti/cm:.  At 
5x  lO'Vcm’,  the  surface  is  principally  an  Fe-Ti  alloy:  ai 
50x  10'Vcnr  the  Fe-Ti  alloy  has  been  carburized;  at 
16x  lO'Vcm  the  alloy  is  only  partially  carburized.  Similar 
Ti  and  C  profiles  have  been  obtained  independently  by  nu¬ 
clear  backscattering  analyses.  Not  indicated  in  Fig.  1  are 
the  oxide  layers  which  are  typically  as  thick  as  those  formed 
on  polished  steels  ( -  3  nm|,14  but  contain  a  thin  TiO;  layer 
directly  below  the  Fe  oxide  layer.  The  TiO.,  layers  had  Ti 
concentrations  approximately  that  of  the  Ti  concentration  at 
the  metal  oxide/metal  interface  More  details  of  the  compo¬ 
sition  and  chemical  states  of  the  Ti  and  C  are  given  in  Ref,  4. 
Hereafter,  we  denote  surfaces  implanted  to  fluences  approxi¬ 
mately  those  of  Figs.  I|a|-|cl  as  “low.  medium,  and  high” 
fluence  surfaces 
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B.  Tribological  behavior 

High  and  low  fluence  surfaces  gave  two  extremes  in  fric¬ 
tion  contact  between  a  52100  steel  ball  sliding  against  a  Ti- 
implanted  surface.  High  fluence  surfaces  had  a  nearly  con¬ 
stant  coefficient  of  friction  (/z ^  — 0.3)  from  the  first  pass  on. 
In  addition,  no  wear  occurred  as  indicated  by  the  nearly 
identical  textures  inside  and  outside  the  wear  track  and  by 
the  parallel  lines  in  the  interferogram  of  the  track  (Fig  2lcl) 
Occasionally  an  abrasivelike  scratch  could  be  found,  but  the 
friction  coefficient  was  unaffected 

Low  fluence  surfaces  showed  initially  lone  to  three  passes! 
a  high  friction  coefficient  which  dropped  asymptotically  tin 
three  to  seven  passes!  to  a  value  of fi  =  0.6,  identical  to  that 
of  52 100  steel  sliding  against  itself.  Fine  (submicrometerl  de¬ 
bris  flakes  were  distributed  across  the  wear  tracks  after  one 
pass;  yet  no  measurable  |  <  5  nml  wear  could  be  seen  on  inter- 
ferograms  [Fig.  2(a)].  Subsequent  passes  produced  larger  and 
thicker  debris  flakes  |  -  500  nm|  but  still  no  substantial  wear 
l .  10  nm)  of  the  surface.  A  debris  flake  (Fig.  3|  which 

formed  on  a  ball  after  five  passes  had  a  thickness  of  500  nm. 

Medium  fluence  surfaces  exhibited  a  friction  coefficient 
which  was  initially  low,  occasionally  with  stick-slip,  but  rose 
linearly  with  each  pass  to  a  value  of/i,  =0.8  {after  six  to  ten 
passes).  Wear  tracks  were  initially  unblemished,  except  for 
some  circular  patches  from  stick-slip  events.  By  the  time  the 
high  friction  plateau  was  reached,  the  wear  tracks  had  devel¬ 
oped  scars  30-50  nm  deep  (depending  on  fluencel  fFig.  2(bll. 


DEPTH  (nml 

0  60  100  ISO  0  60  100  160  200 


SPUTTERING  TIME  (MINI 


Kit.  I  Auger  composition  vs  depth  profiles  of  Ti  and  excess  C  <1  e  .  above 
bulk  4  at  Of- 1  in  52 100  steel  implanted  with  Tt  to  three  fluences  at  190  keV 
(see  the  text  for  significance  of  cross-hatched  areai  Depth  scales  are  from 
mterferograms  of  inn-milled  craters 


71 


319 


I.  L.  Stngar  and  A.  A.  Jaftrias:  Surface  chamutry  and  friction  behavior 


319 


Flo  2  Optical  micrographs  of  wear  tracks  on  Ti-implantcd  12  KX)  steel 
disks  Differential  interference  contrast  photos  with  mterferograms  in  in¬ 
sets  Ifnnge  spacing  =  273  nm|  (al  Low  fluence  (first  pass  /i ,  0  (t[.  (hi 

medium  fluence  (tenth  pass  fiK  ~  0  8),  |cl  high  fluence  llifteenth  pass 
/i,  =0  31 


The  tracks  were  rectangular  troughs,  i.e ,  uniformly  deep 
across  their  width,  not  semicircular  as  would  conform  to 
plowing  by  the  ball;  they  also  contained  a  few  patches  of 
debris  [Fig.  2(b)).  After  remaining  at  the  plateau  level  for 
four  to  six  passes,  the  friction  coefficient  dropped  asymptoti¬ 
cally  to  a  steady  state  value  of//,  =  0.6.  At  steady  state,  the 
wear  tracks  retained  their  rectangular  trough  scars  (40-60 
nm  deep)  but  accumulated  more  debris  flakes. 

C.  Composition  of  wear  tracks  and  debris 

Low  fluence  surfaces  were  heavily  disturbed  by  sliding 
contact  yet  showed  no  apparent  wear.  Energy  dispersive  x- 
ray  analysis  (EDX)  in  and  out  of  debris-free  regions  of  the 
tracks  gave  identical  Ti,u /Fe^  ratios)  +  10%  I  confirming 
that  no  significant  amount  of  material  had  been  removed 

Nonetheless,  a  debris  flake  approximately  500  nm  thick 
had  built  up  on  a  ball  after  five  passes  against  a  low  fluence 
surface.  A  SEM  micrograph  of  the  flake,  shown  in  Fig.  3(a), 
indicates  layers  stacked  on  top  of  one  another  An  Auger 
depth  profile  of  a  spot  1 10  //m  in  diameter)  on  the  flake  quick¬ 
ly  reached  the  steady  state  spectrum  shown  in  Fig.  3(b).  This 
spectrum  had  a  Ti*^  line  shape  of  TiO,1'  and  a  FeMl  l  line 
shape  of  oxidized  Fe.'"  The  composition,  determined  from 
Auger  sensitivity  factors,  was  Fe4,Ti,0,„  or  taking  into  ac¬ 
count  the  chemistry,  3%  TiO,  in  an  Fe/Fe  oxide  matrix.1’ 

Auger  analysis  of  the  as-implanted  oxide  layer  also  indi¬ 
cated  a  TiO,  concentration  of  3  at.%,  reflecting  a  1  at  %  Ti 
at  the  metal  oxide/metal  interface  [Fig.  1(a)]  The  debris  and 
the  oxide  layer,  therefore,  have  approximately  the  same 
composition. 

Medium  fluence  surfaces  were  analyzed  by  both  EDX  and 
Auger  spectroscopy  in  tracks  representing  the  high  friction 
plateau  and  in  tracks  formed  after  the  friction  coefficient 
reached  steady  state  EDX  analyses  of  debris-free  regions  in 
the  high  friction  track  shown  in  Fig  2'hi  found  two  thirds 
the  Ti  detected  in  the  as-implanted  surface.  Two  thirds  of  the 
Ti  in  the  implanted  surface  resides  below  a  depth  of  45  nm.  as 
indicated  by  the  cross-hatched  area  of  Fig.  llbl.  the  outer 
third  is  in  the  partially  carburized  surface  layer  Therefore, 
the  45-nm-track  depth  after  ten  passes  is  due  lo  wear,  and 
not  to  plastic  deformation.  Repetitive  sliding  contact  ap¬ 
pears  to  have  "sheared"  off  the  partially  carburized  layer, 
which  would  explain  the  rectangular-trough  shape  of  the 
track. 

Auger  analysis  also  confirmed  that  partially  carburized 
layers  were  sheared  off  medium  fluence  surfaces  Auger 
depth  profiles  from  regions  in  and  out  of  a  14  pass  track 
(steady  slate//,  =  0.6)  are  presented  in  Fig.  4.  All  three  pro¬ 
files  were  obtained  concurrently  during  2-keV-Ar  ion  mill¬ 
ing.  The  as-implanted  surface  (spot  al  and  debris-free  region 
of  the  track  (spot  bl  both  show  a  bell-shaped  Ti  concentration 
profile  The  partially  carburized  layer,  however,  is  missing 
from  the  in-track  profile  as  the  greatly  reduced  excess  car¬ 
bon  profile  attests.  The  in-track  profile,  however,  does  con¬ 
tain  more  oxygen  and  to  a  greater  depth  than  the  as-implant- 
ed  surface.  The  track  also  sputtered  somewhat  slower  than 
the  as-implanted  surface  (presumably  because  oxides  sputter 
slower  than  metals!  which  obscured  an  expected  50  nm  se- 
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I  Ki  SKM  photos  of  debris  flake  oi; 
ball  after  fisc  passe?.  again*.:  a  5*  ft* 
steel  flj  "npianted  to  5  •  It)  '  Ii  ' 
err  fnsei  Auger  dens  am  c  spe.  trun 
ot  spo»  du'.njr  Ar  »<»n  nuiljnj?  ;\uge. 
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paradon  of  Ti  peak  depths  based  on  track  depth  measure¬ 
ments.  EDX  analysis  indicated  that  the  debris-free  region  of 
this  track  had  60%  as  much  Ti  as  the  as-implanted  surface. 

Debris  flakes  covered  a  substantial  portion  I -20%  l  of 
this  track.  An  Auger  depth  profile  of  a  typical  debris  flake 
(spot  cl  is  shown  in  Fig  4  The  composition  which  quickly 
reached  steady  state  was  FewTi-0,,C,,.  The  Ti**,  spec¬ 
trum  [in  Fig  4|c|]  is  that  of  TiO..  which  suggests  that  the 
debris  had  21  at  %  TiO.  mixed  in  with  metallic  Fe  and  Fe 
oxide  A  sampling  of  debris  flakes  in  medium  fluenee  tracks 
and  on  balls  gave  TiO.  concentrations  from  10-M)at.% 


IV.  DISCUSSION 

The  tribological  behavior  of  Ti-implanted  steels  depend- 
on  the  final  composition  of  the  implanted  surface:  more  spe¬ 
cifically.  it  depends  on  the  degree  to  which  the  surface  devel¬ 
ops  a  earburi/cd  layer  In  accordance  with  Fir  I.  surface' 
implanted  at  an  energy  of  10(1  keV  ion  to  fluences  of  5.  In. 
and  50  ions/cm  can  be  considered  noricarburized,  partially 
carburized,  and  highly  carburized  l  At  lower  energies,  simi¬ 
lar  degrees  of  carburization  can  be  produced  at  lower 
fluences./"'  Highly  carburized  surfaces  have  low  friction  co- 
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efficients  ~0.3|  and  resist  wear  in  sliding  contact  with 
steel.  Low  or  none  arhuri  zed  surfaces,  by  contrast,  have  high 
friction  coefficients  and  are  heavily  textured  by  sliding  con¬ 
tact.  Partially  carburized  surfaces  can  display  both  beha¬ 
viors;  initially  the  surface  resists  wear,  and  except  for  occa¬ 
sional  stick  slip,  gives  a  low  friction  coefficient 
i  u,  (average'  -  O  f]  During  the  next  six  to  ten  passes,  how¬ 
ever.  a  30-5l;-nro-thick  layer  is  worn  off  the  track  and  ihe 
I notion  rises  10  jr,  -  ri>  Auger  and  KDX  anahses  have 
shown  that  tins  wear  correspond'  w  shearing  off  the  partial¬ 
ly  carburized  iavrr  Sliding  in  rim.  track,  as  dating  initial 
contact  with  the  low  fluence  track,  brings  steel  in  contact 
With  an  he- 1  >  alloy 

The  high  coefficients  of  friction  </,,  -  if  8.  lean  be  attribut¬ 
ed  to  the  contact  of  steel  iplus  debris'  against  the  he- 1 1  alloy 
Miyoshi  and  Buckley  have  studied  the  friction  and  adhesion 
Of  several  Fc-based  alloys  They  found  that  Fe-Ti  alloys 
are  more  adherent  than  Fe  itself,  and  the  enhanced  adhesion 
leads  to  higher  friction  during  sliding  Buckley  attributes  the 
high  adhesion  of  the  Fe-Ti  alloy  addition  to  the  high  chemi¬ 
cal  activity  of  theTi  (more  specifically,  to  the  low  percentage 
of  d-band  metallic  bonding)  -11 

The  wear  associated  with  enhanced  adhesion  of  the  Fe-Ti 
alloy  surfaces  appears  to  be  a  form  of  mild  adhesive 
wear.:i  ,::  in  which  the  oxide  of  the  Fe-Ti  surface  adhered  to 
the  ball  and  was  sheared  off  the  flal  at  the  metal  oxide/meta! 
interface  Wear  debris  began  to  form  early  during  high  fric¬ 
tion  sliding  contact  [Fig  2lai]  Fine  debris  accumulated  on 
the  ball  and.  even  after  five  passes,  the  flake  which  formed 
w  as  only  approximately  500  nm  thick.  Yet.  little  if  any  wear 
i  c 10  nm|  could  be  detected  on  the  flat.  Very  little  metal  is 
lost,  however,  during  oxide  wear.  Even  though  an  oxide 
formed  on  steel  at  room  temperature  is  3  nm  thick, 14  it  has 
twice  the  molecular  volume  per  atom  as  Fe- 1  and  more  than 
1/2  of  its  composition  is  oxygen  from  the  air  Thus  for  every 
3  nm  of  oxide  removed,  less  than  1  nm  of  metal  is  consumed 
at  a  time. 

This  condition  of  oxide  wear  with  high  friction  docs  not 
continue  for  long,  as  witnessed  by  the  drop  in  friction  to  the 
steady  state  coefficient  /z,  --  0.6.  At  this  point,  the  friction 
and  wear  behavior  appear  to  be  controlled  principally  by 
debris  flakes  on  the  ball  sliding  against  debris  flakes  in  a 
partially  oxidized  track  Auger  analysis  has  shown  that  Fe 
oxide  debris  found  on  both  low  and  medium  fluence  tracks 
contained  from  3  to  30  at.%  TiO,  and  Ihe  track  itself  has  Ti 
If,  as  claimed  earlier,  Ti  alloy  addinons  increase  the  adhe¬ 
sion  and  friction  of  Fe.  why  should  debris  containing  Iri 
10%  Ti  produce  the  same  friction  as  the  Ti-frce  debris  '  We 
suggest  that  oxidation  neutralizes  the  excess  chemical  acti»  - 
ity  of  Ti.  and  the  friction  is  that  of  Fe/Fe  oxide  debris  contact 
found  in  nommplanted  steel-on-steel  i/i.  -  0  b, 

In  the  present  investigation,  the  implanted  flats  were  sub¬ 
jected  to  what  might  be  considered  extreme  sliding  condi¬ 
tions  matched  in  practice  only  by.  for  example,  low  speed 
cutting.  We  refer  to  the  high  Hertzian  stresses  id  51  Cil’ai. 
unlubricated  sliding  at  very  low  speeds  (0  1  mm/si  Under 
less  severe  conditions,  even  the  medium  fluence  implants 
might  survive  more  than  the  6-10  passes  whu  h  sheared  the 
partially  carburized  layer  in  our  severe  wear  test 
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V.  CONCLUSIONS 

III  The  tribological  behavior  of  Ti-implanted  AISI  52KXI 
bearing  steel  depends  critically  on  composition  via  the 
fluence 

i2i  Lou  friction,  no  uear  surfaces  can  be  formed  by  im 
planting  1 1  ai  sufficiemly  high  fluenccs  i.i  produce  a  highlv 
carburized  surface 

1 3,  Low  oi  noncarhuri/eu  surfaces  give  high  fru  ri, <n  sou 
tact,  consistent  wuh  enhanced  adhesion  oi  I  e  1 1  .ill- • .  s.  bu' 
mild  adhs-s.se  we  i 

4'  Fartiailv  c.irhun/ec.  -urfaccv  itufial'v  tesj.onu  .1-  low 
Ills  lion  surt.iscs  li.iwe>.  .  atler  ihe  varburt/cc.  lave!  is  n 
moved  and  tile  under  (vine  Fe-Ti  is  exposed,  lilt  trie  lion  cou¬ 
pling  is  ihal  O!  an  I  1 1  alloy 
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Effects  of  implantation  energy  and  carbon  concentration  on  the  friction  and 
wear  of  titanium-implanted  steel 
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R.  A.  Jeffries 
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(Received  2  February  1983;  accepted  for  publication  30  August  I983| 

Dry  sliding  friction  and  wear  measurements  were  used  to  evaluate  two  implantation  processes 
which  increase  the  C  concentration  in  Ti-implanted  steels.  In  the  first  process,  Ti  ions  were 
implanted  at  a  low  energy  (50  keV)  in  order  to  enhance  the  efficiency  of  vacuum  carburization 
over  what  is  achievable  at  higher  energies  (e.g.,  190  keV|.  In  the  second,  a  dual  implantation 
process,  C  ions  were  implanted  into  steels  already  implanted  with  Ti  ions  at  high  energy  1 190  keV). 

The  first  process  produced  a  low  friction  |/i  =  0.3|,  scuff  resistant  surface  at  a  fluence  of  2  v  10'V 
cm-’,  40%  lower  than  the  fluence  required  for  simitar  behavior  by  190-keV  implants.  At  ftuences 
of  2  X  10' ’/cm'  each,  the  dual  implantation  produced  a  modest  decrease  in  friction  \yi  0  51, 
accompanied  by  stick  slip,  and  some  wear  resistance  compared  to  nonimplanted  steel  [ft  O  bi 
Auger  spectroscopy  and  energy-dispersive  x-ray  analysis  were  used  to  analyze  the  surface 
composition  produced  by  the  two  processes  at  fluences  of  2  x  10'  /cm  The  dual  implanted 
surface  had  more  Ti,  more  C,  and  a  greater  C/Ti  ratio  than  the  low  -energy  implanted  surface  The 
latter,  however,  had  more  C  derived  from  vacuum  carburization  than  the  dual  implanted  surface 
Both  processes  resulted  in  identical  surface  C  concentrations  We  concluded,  therefore,  that  the 
improved  tribological  surface  of  Ti-implanted  steel  results  from  vacuum  carburization  and  not 
just  the  presence  of  excess  C. 

PACS  numbers:  6[.70.Tm,  81  40  Pq.  82.80Pv.  64  80  Eh 


Ion  implantation  of  metals  is  moving  out  of  the  labora¬ 
tory  and  into  practice  as  a  surface  processing  technique  for 
improving  the  wear  life  of  engineering  components.  While 
much  emphasis  has  been  placed  on  N  implantation  for  im¬ 
proving  knives,  dies,  and  punches  subjected  to  mild  abrasive 
and  adhesive  wear  environments, 11  Ti  implantation  is  re¬ 
ceiving  considerable  attention  in  the  bearing  and  tool  steel 
community* "  because  of  its  ability  to  reduce  friction  and 
wear  on  hardenable  steels  subjected  to  severe  wear  condi¬ 
tions.'"1' 

The  improved  tribological  properties  of  Ti-implanted 
steels  have  been  attributed  to  a  unique  surface  alloy  pro¬ 
duced  by  high  fluence  Ti  implantation  The  alloy  is  a  mixture 
of  Fe-Ti-C" 111  with  a  microstructure  shown  to  be  amor¬ 
phous." The  carbon  |C)  enters  the  solid  from  the  vacuum 
chamber  by  a  process  which  can  be  described  as  implant- 
assisted  vacuum  carburization."  "  During  implantation, 
sputtering  erodes  the  surface  and  uncovers  implanted  Ti, 
which  reacts  with  residual  gases  in  the  vacuum  chamber, 
producing  surface  carbide  species.  These  carbon  atoms  then 
migrate  inwards,  producing  the  Fe-Ti-C  surface  alloy  It  is 
not  known,  however,  whether  it  is  the  presence  of  C  itself  or 
the  process  by  which  C  enters  the  surface  that  is  responsible 
for  creating  this  remarkable  tribological  surface.  Dual  im¬ 
plants  of  C  and  Ti  have  also  produced  low  wear  and  low 
friction  surfaces  '’  " 

The  purpose  of  this  study  was  to  investigate  two  differ¬ 
ent  ion  implantation  processes  which  increase  the  C  concen¬ 
tration  in  Ti-implanted  steels  In  one  process,  separate  im¬ 
plantations  of  Ti  and  C  were  performed  at  energies  resulting 
in  similar  depth  distribution  for  Ti  1 190  kcV|  and  C  150  keV| 


atoms.  In  the  second.  Ti  was  implanted  at  an  energy  consid¬ 
erably  lower  1 50  keV|  than  used  previously  (190  keVi  A  re¬ 
cent  study  of  the  energy  dependence  of  the  Ti  implantation 
process' '  has  shown  that  at  lower  energies,  vacuum  carburi¬ 
zation  is  initiated  sooner  and  a  more  fully  carburized  layer  is 
produced  at  a  lower  fluence.  Dry  sliding  friction  and  wear 
measurements  were  used  toevaluate  these  two  processes  and 
compare  them  to  a  third,  the  original  high  fluence  (5  v  10' V 
cm  j  high-energy  1 190  keV|  process.  Compositions  of  sur¬ 
faces  implanted  with  Ti  ions  to  a  fluence  of  2  \  10'  /cm  will 
be  presented  in  order  to  illustrate  the  effects  of  the  processing 
methods  on  the  Ti  and  C  distributions. 

Steel  disks  were  metallographically  polished,  then  im¬ 
planted  with  Ti,  Ti  andC,  or  Cions.  Thedisks  werecarefully 
heat  sunk  to  prevent  healing  by  the  ion  beam  during  implan¬ 
tation  1 1, .  •-  50 ’C|.  Ti  ions  were  implanted  to  fluences 

from  0  5  to  5  ■  10 '  /cm'  at  50  or  190  keV,  and  C  ions  to 
2  >  10'  /cm  at  50  keV 

Kinetic  friction  coefficients  I //,  I  were  measured  under 
rather  severe  sliding  conditions  low  speed  10  I  mm/ si,  dry 
sliding  contact  in  air  The  geometry  was  a  1  27-cm-diam  ball 
sliding  against  an  implanted  disk  flat  (both  AISI  52 100  steel 
of  hardness  R  -  601  The  ball  was  loaded  to  9  8  N  1 1  kgf), 
and  up  to  20  unidirectional  passes  were  made  over  the  same 
track  The  severity  of  wear  produced  during  sliding  was  eval¬ 
uated  by  optical  (differential  interference  contrast  and  inter- 
ferometryl  and  electron  microscopies. 

Table  I  summarizes  the  friction  and  wear  results  for  the 
three  implantation  processing  treatments.  Low  friction 
(ga  —  0.3)  values  were  obtained  for  all  three  treatments  at 
fluences  of  5  x  10' '  Ti/cnr  .  but  only  for  the  low-energy  150 
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TABLE  I  Maximum  friction  coefficients  and  wear  (rack  damage  fn  tume. 
m  — mild,  v  severel  for  three  Ti-implantation  processes  as  a  function  of  ion 
energy  and  fluence 


Encrg> 

Fluence  I  *  lO'* 

Ti/cm) 

Process 

|keV| 

5 

20 

50 

Low  energy  Ti 

50 

0  6/\ 

0.3/n 

O.Vn 

High-energy  Ti 

190 

0.8  A 

0.8  A 

0  3/fi 

Dual  implant:  Ti 

190 

0.7/4 

0  5/m 

O.J/n 

C 

50 

keV)  treatment  at  a  fluence  of  2  X  lO'Vcm2.  In  each  of  the 
four  low  friction  surfaces,  damage  in  the  "wear”  track  was 
negligible.  Debris  and/or  severe  wear  ( >  50  nm)  was  ob¬ 
served  on  all  other  tracks11  except  for  the  Ti  +  C  implant  at 
2x  lO'Vcnr,  whose  track  had  a  smeared  layer  but  only  mild 
|  —  20  nm)  wear.  This  dual  implanted  surface  displayed  stick 
slip  in  its  friction  (d/ik  —  ±0.1).  Similar  friction  and  wear 
behavior  resulted  when  the  order  of  implantation  was  re¬ 
versed  (i.e.,  C  first,  then  Ti).  Nonimplanted  and  C  (aionel 
implanted  disks  had  high  /i,  values,  0.6  and  0.7,  respec¬ 
tively  and  severely  damaged  wear  tracks.  Thus,  at  fluences  of 
2x  10'7  Ti/cm!,  the  low  energy  implantation  process  pro¬ 
duced  a  better  tribological  surface  than  the  dual  implanta¬ 
tion  process. 

Compositions  produced  by  the  three  processing  treat¬ 
ments  at  a  fluence  of  2  X  10'7  Ti/cnr  were  obtained  by  Au¬ 
ger  sputter  profiles  with  depth  scales  quantified  by  interfero¬ 
metry;  quantitative  analysis  of  Auger  data  was  based  on 
reference  compounds  '" H  Figure  1  presents  profiles  of  Ti  and 
excess  C  (the  4  at.  %  of  C  found  in  the  bulk  alloy  has  been 
subtracted  out).  The  high-energy  implant  (disk  1 1  in  Fig.  I(a| 
shows  a  Ti  profile  which  peaks  at  about  60  nm  and  a  vacuum 
carburized  layer  about  50  nm  deep.  The  non-Gaussian  shape 
of  the  Ti  profile  indicates  that  the  surface  was  sputtered  dur¬ 
ing  implantation.1'  The  dual  implant  (disk  2|  in  Fig.  1(b) 


CONCENTRATION  PROFILES  OF 
STEEL  IMPLANTED  TO  2  x  10’7/cmJ 

Ti*IM0l<«VI  Ti*  (ISO  keV)  Ti*  ISO  k«VI 


*  C*  ISO  kaVI 


FIG  I  Auger  composition  vs  depth  profiles  of  Ti  and  excess  Che.  above 
bulk  4  at.  *7t\  in  52100  steel  implanted  to  a  fluence  of  2  •  10’ ’/cm  with  lai 
disk  I  Tt  ’  l  lMOkeVubidisk  2  Ti  ’  ilQOkeVl  «  C  l50keVi.icidisk  .1  Ti ' 
|50keV» 
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TABLE  II  Retained  1 1  dose  and  17  1 1  ratio  for  three  disks  implanted  to 
2  •  10'  /cm 


Hrgb 

Dual 

J  l*W 

energy  Ti 

implant 

energy  Ti 

disk  1 

disk  2 

disk  3 

Retained  Til  t  1  '  l0"/cm  T 

13 

13 

u 

CYTi  ratio 

0  060 

1  0 

0  23 

*By  EDX.  calibrated  against  a  Ti-implanted  steel  1 5  *  10"  1  i/cm  at  l4#) 
keV)  for  which  the  retention  was  observed  to  be  almost  KXKJf 


shows  a  similar  Ti  profile  with  implanted  C  and  Ti  overlap¬ 
ping  one-to-one.  (The  concentration  of  Ti  in  disk  2  is  about 
20%  less  than  in  disk  1  because  implanted  C  dilutes  the  Fe- 
Ti  alloy.)  The  low-energy  implant  (disk  3)  in  Fig.  lie)  also 
shows  a  sputtered  Ti  profile  which  peaked  nearer  the  sur¬ 
face  and  possessed  a  more  fully  carburized  layer  than  the 
high-energy  implant,  disk  I.  The  surface  C  concentrations, 
coincidentally,  were  the  same  for  the  dual  implant  and  the 
low-energy  implant. 

The  composition  profiles  shown  in  Fig  1  are  readily 
explained  in  terms  of  implanted  ion  ranges,""  sputtering." 
and  vacuum  carburization"  effects.  At  low  energies,  im¬ 
planted  atoms  are  concentrated  nearer  the  surface  because 
the  ion  ranges  are  shorter.  As  the  fluence  is  increased,  more 
of  the  Ti  atoms  implanted  at  low  energy  are  removed  by 
sputtering.  (The  sputtering  rate  of  steel  should  be  nearly  the 
same  at  energies  of  50  and  I  TO  keV  ,17)  However,  carburiza¬ 
tion  occurs  sooner  with  low-energy  Ti  implantation  because 
the  Ti  atoms  reach  the  surface  sooner  Thus,  in  the  low- 
energy  Ti  implantation  process,  less  Ti  was  retained,  but 
with  a  higher  peak  Ti  concentration  and  a  more  fully  carbur¬ 
ized  layer. 

Energy  dispersive  x-ray  analysis  I  EDX  I  of  Ti  in  the 
three  disks,  presented  in  Table  II,  confirmed  that  a  smaller 
percentage  of  Ti  was  retained  by  the  low-energy  implant 
(disk  3)  than  by  the  high-energy  implants,  disks  2  and  1 
Retained  Ti  doses  were  also  determined  by  graphical  inte¬ 
gration  of  Fig.  I  and  agreed  to  15%  with  the  EDX  values  in 
Table  II  Doses  of  incorporated  C  were  also  obtained  by 
graphical  integration.  The  C  to  Ti  dose  ratios  for  the  three 
disks  are  listed  in  Table  II  It  is  clear  from  Fig  I  and  Table  II 
that  the  low-energy  implant  (disk  3|  was  more  carburized 
than  the  high-energy  implant  (disk  1 ),  but  that  it  had  less  C, 
less  Ti,  and  a  smaller  C/Ti  ratio  than  the  dual  implant  (disk 
2).  The  low-energy  implant  also  had  a  larger  peak  Ti  concen¬ 
tration  than  the  high-energy  implant  (32  at  %  vs  22  at.  %); 
however,  previous  studies  have  indicated  that  Ti  without 
sufficient  C  has  a  deleterious  effect  on  friction  and  wear  * 14 
We  therefore  believe  that  the  larger  peak  Ti  concentration 
obtained  by  low-energy  implantation  did  not  play  a  signifi¬ 
cant  role  in  the  improved  friction  behavior;  this,  however, 
needs  further  investigation. 

In  summary,  we  have  evaluated  two  ion  implantation 
processes  which  increase  the  C  concentration  in  Ti-implant- 
ed  layers  above  that  of  the  original  treatment.  Dry  sliding 
friction  and  wear  studies  have  demonstrated  that  low-energy 
(50  keV)  Ti  implantation  produces  a  superior  tribological 
surface  at  a  lower  fluence  than  dual  implantations  (Ti  at  ITO 
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keV  plus  C  at  50  kcV  i  Based  or.  a  comparison  of  the  compo- 
sittons  of  the  tmpianted  layers,  we  conclude  that  the  Fe-Ti-C 
layer  produced  during  the  vacuum  carburization  prtKvw  im¬ 
parts  the  tribological  improvement  and  not  the  C concentra¬ 
tion  alone  Hence,  a  vacuum  carburized  layer  is  more  effec¬ 
tive  than  implanted  carbon  in  forming  a  superior  iriboiogica} 
surface  Ti-tmplanted  steel 

We  have  also  demonstrated  that  the  fluence  required  to 
produce  a  fully  carbun/ed  la>er  decreases  as  the  energy  of 
the  implanted  Ti  decreases.  This  is  of  great  practical  impor¬ 
tance  for  the  ion  implantation  processing  of  materials:  lower 
fluences  reduce  production  time  and  lower  energies  cut 
down  beam  heating  problems  It  also  suggests  that  if  sequen¬ 
tial  implants  are  to  be  performed  at  several  energies,  “eg.  to 
produce  more  uniform  composition  versus  depth  profile, 
that  the  lowest  energy  implant  should  be  done  first.  Dual 
implants  of  C  and  Ti  had  a  somewhat  beneficial  effect  in  a 
bearing  steel.  We  suggest  they  may  prove  even  more  valuable 
in  softer  steels  where  friction  reduction  by  the  Ti-induced 
carburized  layer  and  solid  solution  strengthening  by  the  C 
might  combine  to  improve  tribological  behavior. 

We  thank  the  Surface  Modification  and  Analyses 
Branch  at  NRL  for  their  support  and  cooperation  with  im¬ 
plantation  and  the  NAVSEA  Manufacturing  Technology 
Program  for  partial  funding  of  this  research. 
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There  is  a  need  to  eliminate  the  sudden  onset  of  severe  adhesive  wear  ("scuffing")  in  high  performance  hardened  steels  (e  g  .  A1S1 
9310)  under  arduous  load  conditions.  We  have  investigated  the  friction  and  wear  behavior  of  three  ton  implanted  and  ion  beam  mixed 
steels  under  simulated  scuffing  conditions  using  a  Falex  friction  and  wear  tester.  This  machine  enabled  tests  to  be  carried  out  at  a  load 
of  700  lb  (318  kg),  corresponding  to  a  mean  contact  pressure  of  approximately  20000  psi  (i.e  .  Ik  10k  N  nr  )  which  was  sufficient  to 
induce  scuffing.  A  series  of  lower  load  tests  at  200  lb  (91  kg)  load  (5.2  x  I07  N/nri  enabled  the  longer  term  wear  performance  of 
various  ion/substrate  combinations  to  be  measured  The  frictional  force  experienced  during  wear  testing  was  used  to  assess  the  degree 
of  scuffing,  and  the  amount  of  material  worn  away  was  measured  on  the  Falex  tester  or  h\  subsequent  weight  loss  determinations, 
depending  on  the  type  of  test  The  following  ions  were  implanted:  C  *.  N  *.  P'.  Ti '.  Cr  '.  Mo  ' .  and  la'  chosen  in  order  to  evaluate 
the  effects  of  intermetallic  additions  (C.N.P).  alloy  elements  (Ti.Cr).  and  anti-scuff  elements  (Mo. fa).  In  addition  some  thin 
(  -  1000  A)  vacuum  evaporated  layers  of  Si.  V.  Ni.  Nb.  Sn.  Mo.  Ta  and  W  were  prepared,  and  in  some  cases  intermixed  with  N. '  ions 
at  a  fluence  of  typically  2  x  10' ’/cm2,  to  compare  with  the  effects  of  ion  implantation.  Under  the  low  load  conditions  the  wear  rale  of 
AISI  3135  steel  (1.5?  Ni.  0.65?  Cr  alloy  tool  steel)  was  found  to  be  reduced  by  a  factor  3  as  a  result  of  N  *  implantation  under  low 
load,  in  agreement  with  previous  work  reported  elsewhere,  whereas  other  ions  gave  inconclusive  results  The  52)00  steel  (a 
through-hardened  martensitic  bearing  steel)  showed  marked  improvements  after  Ti*  implantation,  revealing  a  sensitivity  to  fluence 
which  correlated  with  known  dry  sliding  behaviour  of  this  steel  modified  by  titanium  implantations  Ta'  and  Mo"  implantations  into 
9310  steel  (a  case-hardened  gear  steel  with  3.0?  Ni.  (.4?  Cr  and  0.55?  Mn)  reduced  the  wear  rate  (in  a c  per  second)  under  the  low 
load  parameters  from  4.2  to  0.15  and  0.26  respectively.  Under  simulated  scuffing.  Ta'  was  effective  wheras  Mo'  was  not  SFM 
examination  of  the  implanted  AIS1-9310  steel  wear  pins  tested  to  200  lb  (91  kg)  showed  extensive  smoothing  in  the  implanted  worn 
zones,  implying  a  different  wear  process  On  all  the  steels,  mixed  overlavers  showed  improved  friction  and  wear  behavior  compared  to 
unmixed  layers.  The  results  are  discussed  in  terms  of  the  probable  influence  of  the  various  added  elements  on  the  metallurgical  wear 
mechanisms  of  the  respective  steels 


1.  Introduction 

Scuffing  is  defined  as  gross  damage  char¬ 
acterized  by  the  formation  of  local  welds  between 
sliding  surfaces  [I].  The  phenomenon  can  be 
troublesome,  because  of  its  unpredictability,  and 
costly  to  live  with  because  of  the  catastrophic 
damage  which  rapidly  ensues  after  scuffing  ini¬ 
tially  occurs,  for  example  within  a  gear  box.  The 
beneficial  effects  of  ion  implantation  in  friction 
and  wear  reduction  in  a  variety  of  steels  are  now 
well  enough  known  to  not  require  further  com¬ 
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ment.  In  the  work  decribed  below,  the  intention 
was  to  assess  a  possible  new  role  for  ion  implanta¬ 
tion  in  a  practical  problem  area  in  which  there  is 
great  reluctance  to  alter  the  base  material. 

Scuffing  is  usually  simulated  on  specially  desig¬ 
ned  machines  in  which  high  loads  (1000  lb:  454 
kg),  high  relative  sliding  velocities  (10  ft  s  5 
ms  1 )  and  extremely  thin  lubricant  layers  4.0  x 
10  6  inch:  0.10  jim)  are  present.  It  was  decided  in 
the  present  study  to  use  a  commonly  used  Falex 
wear  tester  in  a  preliminary  study  of  “wear  under 
high  load  conditions."  principally  because  the  nec¬ 
essary  sample  geometries  are  considerably  smaller 
for  this  type  of  machine,  but  also  because  it  would 
be  inopportune  to  evaluate  true  scuffing  compo¬ 
nents  without  some  preliminary  screening. 

VII  Ml  I  ai  s 
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2.  Experiments 

2.1.  Wear 

The  Falex  wear  tester  in  ion  implantation  ex¬ 
periments  has  been  previously  described  by  Hale 
[2,3].  It  uses  a  cylindrical  pin-in-V-block  arrange¬ 
ment  and  is  primarily  designed  to  evaluate  lubri¬ 
cants.  However,  with  careful  sample  preparation 
and  experimental  procedure  it  is  quite  possible  to 
use  the  machine  as  a  materials  wear  tester,  as  Hale 
et  al.  have  already  demonstrated  [3].  In  essence, 
the  machine  rotates  a  test  pin  at  the  fixed  rate  of 
290  revolutions  per  minute  in  a  vertical  axis  and 
the  frictional  force  exerted  by  the  pin  against  2 
V-blocks  clamped  against  it  is  recorded  as  a  torque. 
The  torque  reading  is  simply  related  to  a  friction 
coefficient  by  an  equation  which  can  be  derived 
from  the  machine  dimensions  and  geometry: 

_  2.97  x  Torque  (lb) 
li~  Load  (lb)  ’ 

The  load  was  read  off  from  a  spring  loading 
gage  attached  to  the  loading  arms  and  was  moni¬ 
tored  continuously  throughout  the  test. 

Standard  Falex  test  pins  with  nominal  composi¬ 
tions  as  shown  in  table  1  were  obtained  for  this 
study. 

Two  types  of  wear  tests  using  the  Falex  ma¬ 
chine  were  carried  out.  designated  i)  ‘‘low  load 
tests"  and  ii)  “high  load  tests". 

2. 1.  /.  Low  had  tests 

The  objective  of  these  tests  was  to  observe  the 
effects  of  some  selected  ions  on  the  weight  loss 
behavior  of  3135,  52100.  and  9310  steels  and  to 
compare  the  results  with  those  of  Hale  el  al.  [2J. 
reported  earlier,  for  closely  equivalent  wear  condi¬ 
tions. 

This  test  required  that  a  load  of  200  lb  (91  kg) 
be  maintained  on  the  rotating  pin  for  90  min.  The 


weight  loss  experienced  during  the  test  was 
recorded.  Measurements  were  also  made  of  the 
width  of  the  grooves  in  the  V-blocks.  with  more 
wear  corresponding  to  a  wider  groove. 

2.1.2.  High  load  tests 

Most  of  the  wear  testing  reported  in  this  paper 
was  carried  out  under  these  conditions,  which 
follow  the  ASTM  D267067  procedure  for  evaluat¬ 
ing  lubricants.  After  an  initial  run-in  period  of  5 
min  at  250  lb  (1 14  kg),  the  load  was  increased  to 
700  lb  for  15  min  by  using  the  ratchet  mechanism 
intrinsic  to  the  machine.  The  test  was  then  stopped. 
This  load- time  history  produced  occasional  rapid 
excursions  in  the  friction  coefficient  for  untreated 
9310  and  52100  steels  (see  figs.  4.  6.  and  7). 
although  not  in  3135  steel.  These  excursions  were 
frequently  accompanied  by  audible  squeaking  and 
are  identified  here  as  scuffing  events. 

A  comparison  between  the  low  and  high  load 
test  parameters  is  given  in  table  2. 

Before  wear  testing,  each  pin  was  successively 
degreased  in  i)  acetone,  ii)  naptha,  iii)  toluene  and 
iv)  methanol.  An  identical  cleaning  procedure  was 
applied  to  the  V-blocks.  which  were  always  not 
implanted.  Ion  implanted  (or  vacuum  deposited) 
pins  were  stored  under  clean  conditions  in 
methanol  prior  to  testing.  The  A I S I  -  5  2 1 00  and 
9310  test  pins  were  run  against  52100  and  9310 
steel  V-blocks.  respectively.  The  3135  pins  were 
run  against  AISI-1137  steel  blocks.  This  steel  is  a 
low-carbon  free  cutting  steel  which  is  invariable 
used  with  the  3135  steel  pin  in  this  machine  (e  g.. 
Hale.  [2)).  Under  high  load  conditions  the  maxi¬ 
mum  temperature  reached  was  typically  180'C'. 
Under  low  load  conditions  the  maximum  tempera¬ 
ture  reached  was  about  80CC\  All  the  wear  tests 
were  carried  out  in  fresh  Hercolube  A.  a  synthetic 
lubricant  based  on  pentaerv Ithrito!  tetrahexanoate. 


Table  1 

Test  pin  compositions  (wt  ?) 


AISI 

C 

Mn 

P 

S 

Ni 

( 

Si 

Mo 

3135 

0.065 

_ 

1.25 

Oii25 

9310 

0.85  dl 

0.55 

0025 

0.025 

3  25 

i  25 

o  25 

u  12 

52100 

096 

0.36 

0.012 

1.3* 

n  22 

"  Carburized 
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2.2  Surface  treatments 
2  2.1  Ion  implantation 

An  Fxtrion  medium  current  implanter  at  NRL 
was  used  for  the  implantations.  A  rotating  stage 
was  made  so  that  4.  and  occasionally  5.  pins  could 
he  implanted  simultaneously.  The  beam  was  ras- 
tered  to  cover  all  samples,  which  were  arranged  so 
as  not  to  obscure  one  another.  Since  the  whole  of 
one  side  of  a  given  wear  pin  was  exposed  tv'  the 
beam,  the  ions  arrived  at  all  angles  between  0  and 
4<t'  to  the  surface,  [heir  temperature  during 
implantation  was  monitored  remotely  using  an 
infrared  pvrometer.  and  was  not  allowed  to  exceed 
151)  C 

3.2.  I  ih  llimt  i  k'l'u'Uin)' 

A  second  rotating  stage  was  constructed  in  order 
that  a  maximum  of  S  pins  could  be  evenly  coated, 
using  sputter  deposition,  under  fflV  conditions. 
In  practice  4  pins  were  coaled  at  any  one  time  in 
order  to  avoid  non-uniformities  in  deposition 
caused  bv  the  increasingly  large  distances  of  the 
outermost  pins  from  the  source  of  sputtered  ions. 
Sputter  deposition  for  Si.  Nb  and  Mo  layers  was 
carred  out  in  a  I'HV  rig  at  NRL  The  target  stage 
was  typically  a  4"  ( 10  cm)  diameter  pure  plate  of 
the  element  to  be  deposited,  positioned  about  2" 
(5.0  cm)  above  the  array  of  rotating  pins.  Ivpical 
base  pressure  was  5.X  x  10  "  I  orr:  an  Ar  plasma 
discharge  at  65  mTorr  (1100  W.  1400  V  target 
bias)  was  applied  for  between  s  and  15  mm  de¬ 


pending  i'n  the  sputter  deposition  rate. 

An  electron-beam  evaporation  unit  was  used 
for  the  deposition  of  the  refractors  metals  Ta.  V 
and  W.  I  he  Sn  and  Ni  layers  were  applied  using  a 
thermal  evaporation  unit  at  NRL  for  10  to  20  min. 
depending  on  the  element.  Thickness  measure¬ 
ments  were  made  bv  Rutherford  backscattering  or 
interferometrv. 


3.  Results 

T  /  Low  load  wear  lexis 

Fig.  I  shows  the  friction  coefficient  for  9310 
gear  steel  as  a  function  of  time  for  Mo  and  Ta 
implantations  ( 1  x  10*  per  cm*)  compared  to  an 
unimplanted  sample.  The  rale  of  weight  loss  from 
the  pin  <i.e..  wear)  is  also  included  and  it  is  clear 
that  a  considerable  reduction  in  surface  damage 
has  resulted  from  the  ton  implantation  treatment, 
particularly  for  the  Ta*  treatment. 

Fig.  2  shows  equivalent  data  for  52100  steel,  fn 
this  example,  the  52100  steel  was  treated  with  Ti  * 
ions  to  a  fluenee  of  4.6  x  101  per  em:.  which  has 
been  shown  to  reduce  friction  under  dry  sliding 
conditions  (4). 

Ion  implanted  A1S1  3135  steel  pins  were  treated 
with  la'  and  Mo'  ions,  to  a  fluenee  of  4.1  X  101’ 
per  ctrr.  The  N  4  treatment  reduced  the  wear  rate 
by  a  factor  3.  in  close  agreement  with  the  result  of 
Hale  et  al.  [1],  but  the  Mo'  and  Ta'  treatments 
gave  no  change  in  wear  rate,  as  shown  in  table  3. 
(In  general,  wear  tests  on  3135  steel  were  found  to 
be  less  reproducible  than  52100  and  9310  tests, 
possibly  because  this  steel  is  softer.) 

A  Sloan  Instruments  Dektak  surface  profilome- 
ter  was  used  to  record  the  surface  roughness  of  the 
pin  surface  across  the  worn/unworn  zone,  and  the 
results  are  shown  in  fig.  3  for  9310  steel.  It  can  be 
seen  that  on  the  9310  alloy,  the  surface  is  consider¬ 
ably  more  smooth  in  the  Ta  implanted  region. 
Scanning  electron  micrographs  on  the  worn  9310 
surface  of  the  control  pin  and  the  worn  surface  of 
the  Ta  '  implanted  pin  (fig.  4b)  show  that  a  totally 
different  surface  structure  is  present  in  the  worn 
zone  of  the  implanted  sample  [figs.  4(a)  and  (b)]. 
Surface  roughness  profiles  were  also  obtained  from 
the  52100  and  3135  steels.  These  showed  signifi¬ 
cant  differences  between  implanted  and  unim¬ 
planted  wear  zones,  but  for  brevity  (he  data  are 
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TIME  (MINUTES) 


Fig.  1.  Coefficient  of  friction  of  carburized  9310  gear  steel  as  a  function  of  lime  for  Mo  '  and  I  a  *  implantations.  200  lh  (91  kg)  t  ales 
testing  in  Hercolube  A  lubricating  oil. 

not  presented  here  but  are  tabulated  in  table  3.  required  that  the  wear  on  both  surfaces  (i.e..  pin 

In  addition  to  the  pin  weight  loss,  a  measure-  and  V-block)  is  minimized,  ideally  under  the  lowest 

ment  was  also  made  of  the  groove  width  on  the  possible  coefficient  of  friction.  These  results  are 

contacting  V-blocks  for  each  of  the  tests  shown  in  also  summarized  in  table  3. 
the  previous  figures.  For  scuffing  resistance  it  is 


TIME  (MINUTES) 


Fig.  2.  Coefficient  of  friction  of  52100  hearing  steel  as  a  function  of  lime  for  tV  implanlalion  2(H)  lh  (VI  kg)  t  ales  testing  in 
Hercolube  A  lubricating  oil 
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2(H)  lb  (<#1  kg)  90  nun  duration 

Hear  tcuinti 

937 

Ion  beam  Wear  rate 

(pg/s> 

V-biock 
groove  width 
ifimi 

f  riction  coefficient  /i 
j{  20  min 

Dektak  trace 

<#310 

4.2u 

4X0 1  90 

0.092 

rough 

Mo  ’ 

0.26 

390  i  40 

0.06X 

smiK)th  valleys 

la  • 

0.15 

16(1  t  20 

0.062 

very  smooth 

52  KH) 

0.39 

11(1 !  20 

0.059 

intermediate 

Ti  ' 

0.20 

1X0  1(1 

0052 

rough 

.11. IS 

3.09 

150  ,  40 

0053 

very  rough 

N  ‘ 

0.96 

740  t  70 

0,067 

intermediate 

Mo ' 

3.06 

335  ±  30 

0.04ft 

verv  rough 

Ta  • 

1.14 

325  *  30 

0.04X 

very  rough 

3.2.  High  load  I" scuffing")  texts 

3.2.1.  Ion  implanted  test  pins 

9311)  steel :  The  coefficient  of  friction  for  the 
shorter  duration,  high  load,  scuffing  tests  is  shown 
in  fig.  5  for  various  ions  implanted  into  9310  steel. 
For  clarity,  the  horizontal  axis  is  plotted  in  “data 
points";  individual  points  can  be  related  to  the 
loading  sequence  with  reference  to  the  regimes 
listed  in  table  3.  It  can  be  seen  that  for  the  control 
pin.  C'r*  and  Mo'  implantations  all  led  to  scuffing 
events.  Ta"  implantation  appeared  to  the  be  the 


9310  STEEL  UNWORN  REGION 


(bl  Ta*  IMPLANTED  1  X  10l7rcm* 

WORN  UNWORN 


Icl  Mo*  IMPLANTED  1  X  10l7/cm* 


f  ig.  3.  Dektak  surface  profiles  of  wear  /tines  on  implanted  and 
unimplanted  test  pins  of  <#310  steel  after  low  load  testing 


most  effective  in  lowering  the  coefficient  of  fric¬ 
tion  ( p )  and  in  preventing  excessive  wear  of  the 
V-blocks.  Profilometer  traces  of  all  the  worn 
surfaces  were  obtained,  but  for  brevity  only  the 
Ta"  and  Mo'  implant  results  are  included  here, 
with  reference  to  the  unimplanted  control  (fig.  6). 
In  general  it  was  found  that  the  implanted  ions 
which  gave  the  highest  frictional  values  (N,  C)  also 
led  to  substantial  V-block  wear,  which  is  not  unex¬ 
pected  intuitively. 

52100  steel:  High  load  friction/scuffing  results 
for  ion  implanted  52100  test  pins  are  presented  in 
fig.  7.  For  this  steel  there  was  little  systematic 
variation  in  the  friction  dependence,  with  the 
exception  of  Ti  *  implantations  which  show  a 
sensitivity  to  fluence.  The  coefficient  of  friction 
and  the  degree  of  wear  on  the  V-blocks  did  not 
correlate. 

3135  steel:  A  very  limited  set  of  tests  were 
carried  out  on  3135  steel  because  the  initial  screen¬ 
ing  under  200  lb  (91  kg)  maximum  load  showed 
little  promise. 

3.2.2.  Overlayer  and  intermixed  coalings 

Constraints  on  accelerator  use  and  technical 
difficulties  experienced  during  the  deposition  of 
some  of  the  overlayers  meant  that  only  a  very 
limited  number  of  systems  uwe  examined  for  wear 
behavior.  Fig.  7  includes  the  result  obtained  with  a 
single  vacuum  deposited  Ta  film  on  52100.  Fig.  8 
shows  the  data  for  V,  Ta  and  Sn  layers  on  9310 
steel.  The  3135  steel  was  vacuum  deposited  with  Si 
only,  and  the  frictional  dependence  thus  measured 
was  virtually  identical  to  unimplanted  steel. 
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DATA  POINT 

Fig  7.  Coefficient  of  friction  of  52100  gear  steel  under  high 
load  (700  lb.  318  kg)  Falex  testing  in  Hercolube  A  iuricatmg 
oil.  (Kev  to  data  points  given  in  table  2.) 


the  more  ductile  austenitic  phase  of  ferrous  alloys. 
In  addition,  it  has  become  clear  recently  that  the 
role  of  oxides  may  be  crucial  in  the  first  stages  of 
scuffing  [5],  However,  there  is  insufficient  knowl¬ 
edge  at  present  to  correlate  all  the  possible  physi¬ 
cal  and  chemical  parameters  of  the  various  oxides 
which  may  be  present  to  subsequent  scuffing  be¬ 
havior.  In  this  study  we  have  directed  our  atten¬ 
tion  to  simpler  ideas  centering  on  surface  hardness 
and  austenite  prevention. 

Additional  hardness  can  be  provided  in  case- 
hardened  9310  steel  by  trapping  the  carbon  atoms 
effectively.  Tantalum  and  molybdenum  both  form 
carbides  with  higher  enthalpies  than  either  Cr,,C',. 
or  Fe,C'  [6].  In  addition,  molybdenum  forms  a 
range  of  oxides  which  have  beneficial  lubricious 
properties.  The  lowered  friction  and  decreased 
wear  rate  observed  in  ion  implanted  9310,  fig.  I. 
mav  be  attributable  to  these  effects.  The  surface- 
profiles.  fig.  3.  imply  strongly  that  the  surface  has 
been  hardened  since  the  gross  damage  seen  on 
untreated  9310  is  not  present.  Moreover,  the  origi¬ 
nal  position  of  the  surface  is  almost  completely 
retained  (Ta),  or  penetrated  only  in  specific  re¬ 
gions  (Mo). 

However,  under  "scuffing"  conditions,  molyb¬ 
denum  implantation  is  unsatisfactory  (fig.  5).  T  hus, 
if  s  ft  oxides  are  present,  in  combination  with 
enhanced  carbide  production,  they  are  insufficient 


to  prevent  metal-to-metal  adhesion 

It  is  noteworthy  also  that  high  load  scuffing  is 
not  prevented  by  Cr’,  and  both  nitrogen  and 
carbon  implantation  provide  significant  increases 
in  /x  which  are  probably  detrimental  to  wear  per¬ 
formance.  N  and  C  are  strong  austenite  formers 
(ref.  6.  p.  59),  and  Cr  has  only  a  slight  effect  on 
hardenability  in  ferrite.  It  would  therefore  seem  to 
be  important  to  avoid  the  austenite  forming  ele¬ 
ments  (Zn,  Cu,  Ni,  Mn.  N,  C)  and  to  enhance 
ferrite  formers  (Si.  Be.  Al.  Mo.  W.  Nb.  V.  P.  Sn. 
Ti.  Zr).  However,  it  is  not  sufficient  merely  to 
provide  evaporated  layers  of  these  latter  species 
(e.g..  V.  Sn).  as  these  are  presumably  scraped  off 
during  high  load  wear.  fig.  8. 

Ion  mixing  seems  to  be  beneficial  by  providing 
for  a  more  integral  surface  modified  zone.  Auger 
electron  spectroscopy  analysis  of  these  nitrogen 
bombarded  layers  showed  that  nitrides  had  not 
been  formed,  and  in  fact  the  nitrogen  implantation 
had  only  barely  approached  the  Sn/9310  inter¬ 
face.  This  implies  that  only  a  minor  degree  of 
subsequent  bombardment  is  sufficient  to  consider¬ 
ably  enhance  the  tenacity  of  deposited  overlayers. 

52100  steel  cannot  be  hardened  by  "  interstitial" 
(i.e.  C.  N)  ion  bombardment  because  of  its  fully 
through-hardened  stale  [4,7],  Titanium  is  effective 
due  to  the  formation  of  a  TiC-like  region,  with 
excess  carbon  becoming  entrained  during  implan¬ 
tation  due  to  gettering  by  Ti  (4);  significantly 
lowered  friction  and  wear  have  been  observed  as  a 


lig.  8.  Coefficient  of  friction  of  tarhurt/cd  4310  gear  steel,  as 
fig  5.  for  various  owrlaver  and  N -mixed  coatings 
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result.  This  is  consistent  with  the  low  load  ob¬ 
servations  in  the  present  study,  fig.  2  and  6.  Ta* 
implantation  to  1  x  10 17  ions  per  cm2  is  roughly 
equivalent  initially  to  Ti*  implanted  at  1  x  10n 
per  cm2  (fig.  7),  but  it  is  noteworthy  that  the 
friction  decreases  with  time  for  the  Ta  treatment. 
TiC  has  a  formation  enthalpy  slightly  higher  than 
TaC  (80  K.J  mol'1).  Note  also  that  Ta  as  an 
overlayer  (fig.  7)  does  not  prevent  the  occurrence 
of  friction  peaks. 


5.  Conclusions 

This  study  has  shown  that  even  under  the  rela¬ 
tively  severe  conditions  of  wear  testing  using  a 
Falex  lubricant  tester,  implanted  metal  ions  and 
some  ion-bombarded  overlayers  can  provide  lower 
friction  and  improved  wear  performance.  The  most 
significant  findings  were  that  Ta  and  Mo  implan¬ 
tation  into  case-hardened  9310  steel  reduce  the 
friction  by  as  much  as  30%;  also,  the  wear  rates 
are  reduced  by  as  much  as  a  factor  of  28  and  16, 
respectively.  Titanium  implantation  into  52100  was 
also  effective  in  wear  reduction,  by  a  factor  2,  but 
friction  improvement  was  less  marked. 

Under  simulated  scuffing  conditions,  9310  steel 
was  most  improved  by  Ta+  treatment  and  52100 
steel  was  improved  by  high  fluence  (i.e.,  4.6  X  1017 ) 
Ti +  implantation. 

Of  the  very  limited  number  of  overlayers  ex¬ 
amined,  it  was  found  that  ion  bombarment 
eliminated  the  tendency  for  such  films  to  become 
removed. 

The  results  are  generally  consistent  with  the 
formation  of  hard  intermetallic  phases,  and  the 
suppression  of  austenite.  However,  there  is  no 
doubt  a  secondary  effect  due  to  oxide  formation. 
This  aspect  of  the  reported  improvements  has  not 
been  addressed  here. 

There  is  clearly  a  considerable  amount  of  fur¬ 
ther  exploratory  work  to  be  undertaken  in  this 
field  to  compare  (i)  additional  overlayer  and  im¬ 
planted  elements,  (ii)  the  effects  of  “reactive"  (i.e.. 


N)  with  “unreactive”  (i.e..  Ne)  intermixants,  and 
(iii)  the  role  of  carburized  (9310)  versus  un¬ 
carburized  surfaces,  and  the  question  of  whether 
or  not  this  affects  the  diffusion  kinetics,  (iv)  the 
chemical  state  of  the  intermixed  and  implanted 
layers,  and  (v)  the  role  of  oxides  on  scuffing 
prevention. 

This  study  has  shown  that  some  of  the  more 
pressing  problems  of  scuffing  prevention  on  ad¬ 
vanced  iron  alloys  may  be  addressed  by  using  ion 
beam  methods. 
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ABSTRACT 

One  measure  of  the  surface  mechanical  properties  of  materials  can  be 
obtained  through  microhardness  data.  The  success  of  microhardness  in 
predicting  the  improvements  in  wear  resistance  of  ion  implanted  metals 
has  been  mixed.  In  this  paper  the  cases  of  N  implantation  into  304  S.S. 
and  Ti  implantation  into  52100  bearing  steel  will  be  examined. 
Microhardness  data  indicates  little  or  no  hardness  changes  whereas  large 
wear  rate  changes  are  observed.  From  these  two  examples  it  is  clear  that 
the  wear  mechanism,  the  chemical  nature  of  the  surface,  the  ductility, 
and  the  toughness  can  be  more  important  than  the  hardness  changes. 

INTRODUCTION 

Two  tribological  systems  of  technological  interest  that  have  been 
studied  extensively  are  N  implanted  304  S.S.  and  Ti  implanted  52100 
bearing  steel.  Much  of  the  early  work  on  these  systems  involved 
extensive  wear  testing  and  little  evidence  was  collected  concerning  the 
mechanism  by  which  the  improvements  might  occur.  General  explanations 
involving  increased  hardness  of  the  implanted  surface  as  giving  rise  to 
better  wear  resistance  have  been  offered. 

The  hardness  of  a  material  does  affect  its  wear  rate;  however,  other 
parameters  can  be  more  important.  Hardness  gives  some  indication  of 
strength.  Other  mechanical  properties  of  a  material  that  help  determine 
its  wear  rate  are  ductility,  toughness  and  the  temperature  dependence  of 
these  quantities.  Hornbogen  [1]  and  Atkins  [2]  consider  the  effects  of 
some  of  these  parameters  on  wear  rates.  The  mechanical  structure  of  the 
surface  is  also  important.  For  example,  a  very  hard  surface  on  a  very 
soft  substrate  does  not  result  in  high  wear  resistance  if  high  contact 
stresses  occur.  Finally,  chemical  effects  between  each  component  of  the 
wear  couple  and  the  atmosphere  and  between  the  two  components  themselves 
can  also  be  extremely  important. 

Many  of  these  properties  are  very  difficult  to  measure.  Ease  of 
measurement  has  led  to  hardness  being  used  extensively  when  considering 
wear  experiments  and  modeling  of  wear  processes.  In  the  case  of  ion 
implanted  surfaces,  even  hardness  is  ver7  difficult  to  measure. 


90 


A  hardness  tester  that  is  capable  of  sampling  the  very  thin  implanted 
layers  has  been  constructed  and  used  to  measure  the  hardness  of  implanted 
surfaces  [3-5].  The  results  of  these  tests,  wear  data,  and  microanalysis 
results  for  a  range  of  implanted  metals  have  been  presented  [6]. 

By  comparing  hardness  and  wear  data,  it  has  been  shown  that 
indentation  hardness  is  qualitatively  correct  in  predicting  pin  on  disc 
wear  property  improvements.  The  magnitude  of  the  improvements  is  much 
less  predictable  from  the  hardness  data.  In  fact,  in  the  cases  where 
dramatic  improvements  in  wear  properties  are  observed,  the  improvements 
are  too  large  to  be  explained  through  the  effect  of  hardness  on  a  given 
wear  mechanism.  For  the  cases  of  Ti-6A1-4V  and  hard  electroplated 
chromium,  N  implantation  can  cause  a  change  in  the  dominant  wear 
mechanism  [6].  The  important  point  is,  if  the  hardness  of  a  surface  is 
increased  through  implantation,  some  increase  in  wear  resistance  can  be 
expected;  however,  other  properties  of  the  surface  may  also  effect  the 
wear  rate. 

With  this  discussion  as  background,  we  shall  now  proceed  to  two 
specific  cases  for  which  the  evidence  appears  to  he  conflicting.  These 
are  nitrogen  implanted  304  S.S.  and  titanium  implanted  52100  bearing 
steel.  The  data  in  question  concerns  the  indentation  hardness,  the 
surface  abrasion  resistance,  and  pin  on  disc  type  wear  data  that  has  been 
collected  for  these  two  systems. 

The  surface  abrasion,  relative  wear  resistance  (R.W.R.)  test  was 
introduced  by  Bolster  and  Singer  [7]  as  a  relatively  simple  way  to  get 
some  indication  of  the  hardness  of  thin  surface  layers.  This  is  a 
reasonable  approach  if  all  the  parameters,  other  than  hardness,  that 
effect  abrasive  wear  are  held  constant.  The  apparent  inconsistencies 
arise  when  actual  indentation  hardness  tests,  taken  using  the  machine 

mentioned  above,  do  not  match  the  R.W.R.  results. 

The  hardness  data  presented  here  will  highlight  these  apparent 
inconsistencies.  The  discussion  of  the  results  will  help  explain  them. 

EXPERIMENTAL 

The  52100  specimens  were  implanted  at  the  Naval  Research  Laboratory 
(N.R.L.).  The  conditions  for  the  Ti  implantation  of  the  52100  steel 

specimens  have  been  previously  reported  [8 J .  The  carbon  was  implanted  at 
40  keV  to  a  dose  of  2x1 0^1  ions/m^,  The  Ta  was  implanted  to  a  dose 
of  1.8xl021  ions/m^. 

One  304  stainless  steel  specimen  was  polished  to  a  9  pm  diamond 
abrasive  finish.  Part  of  the  surface  was  electropol  ished  and  part  was 
ion  milled  with  1  keV  Ar  ions.  Part  of  the  resulting  surface  was  then 

implanted  with  lxlO^1  N+/m^  at  40  keV.  Thus  the  sample  had 

surfaces  treated  as  shown  in  Figure  2  available  for  hardness  testing. 

The  other  304  S.S.  specimen  was  polished  to  a  1  pm  diamond  finish  and 
one  section  gf  the  surface  was  implanted  with  N?  +  at  90  keV  to  a 
dose  of  2. 5x1 0*'  ions/m^.  6 
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RESULTS  AMD  DISCUSSIOM 

First  let  us  consider  52100  bearing  steel.  This  materials  is  used  in 
the  through  hardened  and  slightly  tempered  condition.  It  has  been  shown 
that  nitrogen  implantation  is  not  effective  at  hardening  the  surface  of 
this  material  or  improving  its  wear  resistance  [6,9].  For  this  reason 
extensive  work  has  been  carried  out  at  the  Naval  Research  Laboratory  on 
Ti,  Ta  and  Ti+C  implantations  of  this  materials  [8-13].  Positive 
improvements  in  wear  life  have  been  achieved.  In  addition  the  surface 
sensitive  abrasive  wear  test  used  at  N.R.L.  indicated  a  factor  of  6 
increase  in  the 
relative  wear 
resistance 
(R.W.R. )  of  the 
Ti  implanted 
surfaces  [8],  A 
dose  of  5x10 
ions/m  titanium 
is  known  to 
produce  an 

amorphous  film 
on  52 100  bearing 
steel  [11].  It 
has  been 

established  that 
the  titanium 
implantations 
are  most 

effective  when  a 
significant 
amount  of  carbon 
is  gettered  from 
the  atmosphere. 

Auger  results 
have  shown  that 
the  carbon  is 

bound  to  the  titanium  in  the  same  way  as  in  TiC;  however,  there  is  no 
evidence  that  TiC  exists  as  a  second  phase. 

To  confirm  that  the  surface  of  52100  bearing  steel  is  hardened  by  Ti 
and  Ta  implantation,  five  samples  were  tested  for  indentation  hardness 
versus  depth.  This  data  is  presented  in  Figure  1.  The  first  surprising 
result  shown  in  Figure  1  is  that  Ti  or  Ta  implanted  by  themselves  did  not 
increase  the  hardness  of  52100  steel.  In  fact,  the  only  effective 
hardening  process  was  implanting  with  2x1 02'  ions/m2  C  and  5x1 021 
ions/m2  of  Ti.  This  dose  level  of  titanium  corresponds  well  with  the 
critical  level  for  positive  wear  results  which  have  been  reported; 
however  the  wear  results  were  determined  without  C  implantation.  It  is 
clear  that  a  minimum  amount  of  both  carbon  and  titanium  are  required  for 
positive  hardness  results.  In  the  presence  of  2x1 021  ions/m2  of  C 
the  threshold  for  hardness  increases  is  between  1.6  and  5x1021 
ions/m2  of  Ti.  The  wear  improvements  demonstrated  in  both  the  abrasive 
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wear  test  (R.W.R.)  and  the  pin  on  plate  tests  were  from  samples  that 
according  to  Figure  1  should  not  have  significantly  hardened  surfaces; 
thus,  hardness  changes  cannot  be  responsible.  This  is  a  clear  example  of 
the  dangers  of  interpreting  abrasive  wear  resistance  directly  in  terms  of 
hardness.  The  dose  level  associated  with  wear  property  improvements 
correlates  with  the  dose  required  to  obtain  an  amorphous  layer.  It  may 
be  some  property  of  that  layer  that  is  important.  Some  possibilities  are 
ductility  or  toughness.  The  hardness  data  indicates  that  further  wear 
property  improvements  might  be  obtained  if  the  surface  was  hardened  by 
dual  implantation  of  C  and  Ti. 

The  apparent  inconsistency  in  the  data  for  this  material,  (that  is 
improvements  in  R.W.R. ,  no  hardness  increase,  and  pin  on  plate  wear 
improvements),  are  rationalized  when  two  facts  are  considered.  First, 
R.W.R.  is  actually  a  wear  test.  Second,  properties  other  than  hardness 
can  be  important  in  determining  wear  rates. 

The  second  material  we  will  discuss  is  304  S.S.  Significant 

increases  in  pin  on  disc  wear  resistance  have  been  reported  through  N 
implantation  of  this  material  [6,14].  Figure  2  shows  the  indentation 
hardness  versus  depth  curves  for  a  304  S.S.  surface  modified  in  several 
ways.  The  base  line  (0%  change)  is  the  hardness  of  electropolished,  ion 
milled,  unimplanted  surface.  The  error  in  the  measurements  at  less  than 
40  nm  depth  is  large,  particularly  for  this  specimen  which  was  only 
polished  with  9  pm  diamond.  The  data  in  this  region  should  be  considered 
with  caution.  It  is  clear  that  implanting  electropolished  304  S.S. 
increases  the  near  surface  hardness.  This  has  been  measured  to  cause  an 
increase  of  at  least  50%  at  40  nm  on  two  separate  specimens.  The  change 
in  hardness  on  implantation  of  the  mechanically  polished  304  S.S.  shown 
in  Figure  2  is  more  difficult  to  interpret  due  to  a  lack  of  a 

mechanically  polished  base  line.  The  change  in  hardness  due  to  N 

implantation  of  a  1  pm  diamond  polished  304  S.S.  sample  is  shown  in 
Figure  3.  It  is  clear  that  N  implantation  increased  the  surface  hardness 
of  this  specimen  by  about  40-60%.  The  change  for  the  mechanically 
polished  material  shown  in  Figure  2  is  certainly  no  greater  than  25%  and 
perhaps  significantly  less.  However,  if  on  interprets  the  previously 
reported  R.W.R.  results  for  mechanically  polished  304  S.S.  [7]  in  terms 
of  hardness  one  would  expect  a  50%  decrease.  This  does  not  agree  with 
the  40-60%  increase  shown  in  Figure  3  or  the  data  presented  in  Figure  2. 
It  is  clear  from  Figure  2  that  the  hardness  at  400  nm  is  greatly 

increased  (tf 50%)  by  mechanical  polishing.  It  seems  that  the  easiest  way 
to  harden  the  surface  of  304  S.S.  is  through  cold  work. 

The  decrease  in  relative  wear  resistance  near  the  surface  of  the 
implanted  material  has  been  explained  by  a  reversion  of  a  work-hardened 
surface  martensite  to  softer  austenite  [7],  It  is  clear  that  strain 
induced  martensite  does  revert  to  austenite  due  to  nitrogen  implantation 
[14];  however,  it  is  not  clear  under  what  polishing  conditions  the 
surface  will  contain  a  large  fraction  of  martensite.  The  samples  used  to 
measure  the  R.W.R.  and  indentation  hardness  results  were  polished  using 
vibratory  and  wheel  techniques,  respectively.  This  in  itself  could 
explain  the  discrepancy  between  these  results.  It  is  also  possible  the 
Implanted  austenite  is  as  hard  or  harder  than  the  martensite  from  which 
It  is  formed.  Other  properties  than  hardness  may  cause  the  decrease  in 
R.W.R.  and  increase  in  pin  on  disc  wear  properties. 


93 


PERCENTAGE  CHANGE  !N  HARDNESS 


BASE  LINE:  ELECTRO  POLISH  AND  ION  MILLED 
o  BASE  LINE  + 1  X 1021  N  +/m2  AT  40  KeV 
a  9^m  MECH  POLISH  +1  X  102,N  +/m2  AT  40  KeV 


60 

40 

20 

0 

-20 

,-40 


304  SS 

1pm  MECH  POLISH 
+  2.5X  1021Np'/m2 
AT  90  KeV 


100 


200 
DEPTH  (nm) 

Figure  3 


300 


400 


The  two  examples  discussed  above  illustrate  the  errors  obtained  if 
one  interprets  surface  abrasive  wear  results  in  terms  of  hardness 
changes.  The  R.W.R.  test  is  an  important  tool  for  learning  about  the 
abrasive  wear  properties  of  implanted  layers.  Any  consistent  model  of 
the  behavior  of  such  layers  should  be  able  to  explain  R.W.R.  and  pin  disc 
results;  however,  what  effect  hardness  has  on  the  results  can  easily  be 
masked  by  other  effects. 


CONCLUSIONS 

1.  Hardness  is  not  the  important  property  through  which  the  wear 

properties  of  304  S.S.  or  52100  are  improved  by  N  and  Ti 
implantation,  respectively. 

2.  The  surface  hardness  of  52100  steel  can  be  increased  by  dual 

implantation  of  C  and  Ti. 

3.  The  surface  hardness  of  electropol ished  304  S.S.  can  be  increased  by 
at  least  50%  through  nitrogen  implantation;  however,  the  surface  of 
mechanically  polished  304  S.S.  is  only  increased  at  most  by  10-20X. 

4.  Indirect  estimates  of  hardness  through  abrasive  wear  tests  can  yield 
misleading  results. 
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EFFECT  OF  TITANIUM  IMPLANTATION  ON  THE  FRICTION  AND 
SURFACE  CHEMISTRY  OF  A  Co-Cr-W  C  ALLOY* 

S.  A.  DILLICH  +  AND  I.  L.  SINGER 

Xmol  Research  Laboratory .  Code  6 HU.  Washington.  DC  2U.il f  ’  L  S.A.i 
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The  effects  of  the  implantation  of  titanium  ions,  to  a  ftuence  of  S  x  101  ’  Ti  ions 
cm  2  at  190  keV.  on  the  tribological  behavior  of  a  centrifugally  cast  cobalt-based 
alloy  (Stoody  3)  were  investigated  by  friction  tests  against  a  variety  of  alloy  and 
carbon  counterfaces.  Dry  sliding  friction  coefficients  were  compared  with  those 
made  on  similarly  prepared,  but  non-implanted,  and  fatty-acid-coated  samples. 
High  friction  coefficients  (pK  %  0.6)  for  the  alloy-Stoody  3  couples  coincided  with 
the  formation  of  debris,  with  the  same  composition  as  the  softer  of  the  mating  alloys, 
in  the  wear  scars.  Much  lower  pK  values  were  measured  on  titanium-implanted 
(pK  0.25)  and  acid-coated  (/tKs:0.1)  surfaces.  Optical  microscopy  indicated  a 
change  in  the  surface  texture  of  the  implanted  surfaces  attributable  to  sputtering. 
Auger  spectroscopy  showed  that  vacuum  carburization  of  both  carbide  and  matrix 
phases  of  the  Stoody  alloy  occurred  during  implantation.  The  friction  and  wear 
mechanisms  involved  are  discussed. 


I.  INTRODUCTION 

Centrifugally  cast  cobalt-based  alloys  exhibit  high  wear  resistance,  attributed 
to  the  presence  of  fine  and  evenly  dispersed  carbides  (chromium  and  tungsten)  in  a 
softer,  more  ductile  cobalt-rich  matrix.  These  alloys  can,  however,  show'  severe  wear 
under  detrimental  sliding  conditions1  J.  Our  investigations  were  intended  to  lead  to 
an  understanding  of  the  wear  modes  of  these  cobalt-based  alloys  and  to  develop 
surface  treatments  to  protect  against  wear. 

Ion  implantation  is  a  process  which  holds  promise  as  a  surface  treatment  for 
wear  resistance3.  The  high  fluence  implantation  of  titanium  ions,  for  example,  is 
capable  of  producing  reduced  friction4  and  reduced  abrasive5  and  adhesive*’  wear  in 
hardened  steels  such  as  AISI  52100,  a  high  carbon  chromium  steel.  It  is  not  known, 
however,  whether  titanium  implantation  can  improve  the  tribological  behavior  of 
multiphase  alloys  composed  of  large  ( 1 0  pm  or  more  in  length)  complex  carbides  in  a 


*  Paper  presented  at  the  International  Conference  on  Metallurgical  Coatinas.  San  Diego.  CA.  U  S  A., 
April  18-22, 1983. 
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much  softer  matrix.  In  the  present  study  we  examine  the  effects  of  high  fluence 
titanium  implantation  on  the  dry  sliding  friction  and  wear  behavior  of  a 
centrifugally  cast  cobalt-based  alloy  150",,  Co.  31",,  Cr.  12.5°,,  W.  2.2"„  C).  hereafter 
referred  to  by  its  commercial  designation  Stood y  3. 

The  wear  scars  and  surface  textures  were  examined  using  optical  and  scanning 
electron  microscopies.  Energy-dispersive  X-ray  analysis  (EDX)  and  Auger  electron 
spectroscopy  were  used  to  identify  the  compositions  of  as-implanted  surfaces 
and  wear  debris  in  the  tracks. 

2.  IXPI  RIMINI  At  PROCEDURE 

2.1.  Friction  testing 

Kinetic  friction  coefficient  measurements  were  made  using  a  slider-on-disk  test 
configuration.  The  Stoody  3  disks  made  contact  with  hard  bearing  steels  such  as 
52100,  440C  stainless  steel  and  M50,  as  well  as  302  stainless  steel  and  low  carbon 
mild  steel.  Two  cobalt-based  alloys,  Stoody  2  and  Stellite  3,  with  compositions  very 
similar  to  that  of  Stoody  3  were  tested,  as  well  as  an  extremely  hard  cobalt-cemented 
tungsten  carbide.  Since  in  many  tribological  applications  cobalt-based  alloys  mate 
with  carbon  soft  faces,  it  was  of  interest  to  investigate  the  friction  characteristics  of 
carbon  -Stoody  3  couples.  Thus,  two  grades  of  carbon,  one  a  porous  synthetic 
graphite  and  the  other  a  hard  carbon  -  graphite  with  a  resin  impregnant,  were  also 
tested  against  the  Stoody  3  alloy.  The  nominal  compositions  and  hardnesses  of  the 
tnaterials  used,  as  specified  by  the  manufacturers,  are  shown  in  Table  I. 

The  sliders,  alloy  balls  1.27  cm  in  diameter  and  carbon  pins  of  1.27  cm  length 
and  0.62  cm  diameter  with  truncated  hemispherical  tips,  rode  against  Stoody  3  disks 
1.27  cm  in  diameter  and  0.32  cm  thick.  Friction  measurements  were  made  in  air 
(30"o-50"o  relative  humidity)  at  room  temperatures,  with  a  normal  load  of  9.8  N,  at 
a  very  slow  sliding  speed  of  0. 1  mm  s  Test  durations  were  limited  to  20  successive 
unidirectional  traverses  of  the  sliders  over  the  same  path  on  the  Stoody  3  disks. 

2.2.  Sample  preparation  and  titanium  implantation 

The  Stoody  3  disks  were  polished  to  a  metallographic  finish  before  testing.  The 


TABLE  I 

NOMINAL  COMPOSITION  AND  HARDNESS  OE  ALLOYS  AM)  CARBONS 


Designation 

Composition 

Hardness 

52100 

Fe  1  5Cr  1C 

60-65  HRC 

440C  stainless  steel 

Fe  I7CYIC 

58-62  HRC 

M50 

Fe  4Cr  4Mo-08C 

66-65  HRC 

302  stainless  steel 

Fe  l8Cr  8Ni  0  1C 

35-29  HRC 

Mild  steel 

Fe  0  2C 

18-20  HRC 

Stellite  3 

Co  3ICrl2.5W-2.3C 

50-54  HRC 

Stoody  2 

Co  33Cr  I9W-2.5C 

58  63  HRC 

Stoody  3 

Co  3ICr  12.SW  2.2C 

51  58  HRC 

WC 

WC  6Co 

90.5  91.5  HRA 

P03 

Graphite 

Scleroscope  75 

P658RC 

Carbon -graphite 

Sclcroscope  95 
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alloy  balls,  with  surface  finishes  of  about  0.03  (am,  were  degreased  with  benzene  in  a 
Soxhlet  extractor  and  stored  in  toluene.  Prior  to  testing,  disks  and  balls  were 
ultrasonically  cleaned  in  acetone  and  rinsed  with  2-propanol.  Later,  in  the  course  of 
research,  it  was  found  desirable  to  add  toluene  cleaning  of  the  disks  to  the 
preparation  procedure  in  order  to  ensure  the  complete  removal  of  the  polishing 
compounds  from  the  sliding  surfaces.  The  hemispherical  tips  of  the  carbon  pins  were 
polished  to  a  metallographic  finish,  providing  a  sliding  surface  of  about  2  mm 
diameter. 

A  close-packed  monolayer  of  eicosanoic  acid  lC,yH  wCOOH),  hereafter 
designated  C20  acid,  was  applied  to  several  disks  by  retraction  from  the  melt  at 
76  C.  The  state  of  packing  of  each  C20  acid  coating  was  characterized  by  measuring 
the  contact  angle  #  exhibited  by  methylene  iodide  (CH2I2)  ’. 

Implantations  of  the  Stoody  3  samples  were  done  in  a  modified  model 
200-20A2F  Varion-Extrion  ion  implanter  with  a  hot  cathode  arc  discharge  type  of 
ion  source.  The  disks  were  heat  sunk  onto  a  water-cooled  holder  and  implanted  with 
48Ti  ions  at  190  keV,  to  a  fluence  of  5  x  10'7  Ti  ions  cm  2.  The  target  chamber  was 
cryogenically  pumped  to  pressures  of  about  3x10  6  Torr  or  better. 

2.3.  Surface  inspection  and  chemical  analysis 

Auger  analysis  of  Stoody  3  disks  was  performed  with  several  scanning  Auger 
microprobes,  one  a  PHI  model  590  with  a  spatial  resolution  of  better  than  I  pm. 
Depth  profiles  were  recorded  during  ion  milling  with  a  rastered  2  keV  argon  ion 
beam.  Elemental  concentrations  were  determined  from  peak  height  data  using  a 
linear  normalizing  procedure8  with  sensitivity  factors  obtained  from  reference 
compounds6.  Depth  scales  for  ion-milled  surfaces  were  established  by  measuring 
crater  depths  by  interferometry. 

Wear  tracks  on  the  Stoody  3  surfaces  were  examined  using  scanning  electron 
microscopy  (SEM)  and  optical  microscopy  with  differential  interference  contrast 
(DIC).  EDX  of  the  wear  tracks  was  done  on  an  Advanced  Metal  Research  model 
1000  scanning  electron  microscope  equipped  w  ith  a  Kevex  mode  5 100  spectrometer. 

3.  RFSULTS 

3.1.  Surface  chemistry  and  texture 

Titanium  ions  implanted  into  Stoody  3  to  5  x  I0|7cm  2  at  190  keV  produced  a 
(Ti-t-C)-enriched  surface  layer  extending  almost  200  nm  into  the  disk.  The  Auger 
depth  profile,  shown  in  Fig.  1,  indicates  a  near-saturation  profile  of  titanium  and 
a  diffusion-like  profile  for  carbon.  Only  carbon  in  excess  of  bulk  carbon  is  depicted  in 
the  profile.  These  compositions  were  found  in  both  the  chromium-rich  carbide  phase 
and  the  cobalt-rich  matrix  phase  of  the  alloy.  The  chemical  affinity  of  the  implanted 
titanium  for  the  excess  carbon,  inferred  from  their  Auger  line  shapes,  is  summarized 
along  the  curves  in  Fig.  1.  The  profiles  and  chemistry  of  titanium  and  carbon  in 
Stoody  3  are  identical  with  those  found  in  steels  implanted  under  the  same 
conditions4  5.  It  has  recently  been  demonstrated  that  the  excess  carbon  is  absorbed 
from  residual  gases  in  the  vacuum  chamber9.  Implanted  titanium  atoms,  brought  to 
the  surface  by  sputter  erosion  of  the  substrate,  are  believed  to  be  responsible  for 
gettering  the  carbon  atoms. 
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The  texture  of  the  multiphased  Stoody  3  surface  was  also  changed  by  this  high 
fluence  titanium  implantation  (see  Fig.  1(b)).  The  tops  of  carbides,  raised  above  the 
cobalt-rich  matrix  by  polishing,  were  rounded  by  high  angle  sputtering  at  their 
edges.  Sputter-deposited  carbide  is  believed  to  form  a  raised  perimeter  a  short 
distance  from  the  carbide-matrix  interfaces,  producing  the  high  contrast  borders 
seen  around  carbides  in  the  DIC  micrograph  of  Fig.  I. 


Fig.  1.  (a)  Auger  depth  profile  of  titanium-implanted  Stoody  3  (5  x  10' '  cm" 2  at  190 keV):  - .  Ti 

LMM; - ,  C  KLL.  (b)  DIC  micrograph  of  the  as-implanted  surface. 

3.2.  Contact  angle  measurements 

Contact  angles  measured  on  Stoody  3  disks  with  adsorbed  C20  acid  mono- 
layers  ranged  from  66°  to  74“ .  These  compare  favorably  with  values  (0  =  70°,71°) 
reported  as  measured  on  close-packed  monolayers10.  Contact  angles  of  between  41° 
and  50°  were  measured  on  implanted  disks,  while  values  ranging  from  44  to  63 
were  observed  on  Stoody  3  surfaces  cleaned  with  organic  solvents.  A  contact  angle  of 
zero,  i.e.  complete  wettability,  would  be  expected  on  a  contamination-free  metal 
surface.  Thus  it  seems  that  implanted  surfaces  were  less  contaminated  than  those 
cleaned  with  organic  solvents.  It  is  not  clear,  however,  whether  titanium  implant¬ 
ation  forms  a  material  with  a  lower  energy  surface  or  simply  sputter  cleans  the 
surface  free  of  contaminants. 

3.3.  Friction  tests 

3.3./.  Alloy  balls- Stoody  3 

Results  of  friction  tests  made  on  the  three  classes  of  Stoody  3  disks,  non- 
implanted,  titanium  implanted  and  CJ0  acid  coated,  are  summarized  in  Table  II. 
Unless  otherwise  noted,  two  to  nine  tests  were  made  for  each  slider-Stoody  3 
combination.  The  highest  values  of  the  kinetic  coefficient  of  friction  nK  measured  on 
the  first  and  twentieth  passes  of  each  slider-disk  couple  are  listed  in  Table  II.  In 
general,  the  highest  coefficients  of  friction  were  observed  on  non-implanted  disks 
which  were  cleaned  with  toluene  as  part  of  the  preparation  procedure. 
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Friction  during  the  first  pass  of  the  alloy  balls  on  the  non-implanted  disks  was 
generally  low  (/rK  ^  0.25).  Optical  microscope  inspection  of  tracks  on  the  disks 
revealed  that,  even  during  the  first  pass,  considerable  scratching  and  plastic 
deformation  of  the  Stoody  3  sliding  surface  occurred  (Fig.  2(a)).  With  successive 
passes,  the  friction  coefficient  Mk  rose  to  about  0.6  and  the  tracks  became  debris 


r: 


Fig.  2.  Wear  tracks  of  52100  steel  sliding  against  non-implanted  and  titanium-implanted  Stoody  3  disks 
(a)  plastic  deformation  of  the  Stoody  3  occurred  immediately  on  the  first  passes  of  the  52 100  balls  on  non- 
implanted  disks  (uk  ~  0.25);  (b)  by  the  twentieth  pass,  the  tracks  were  covered  with  wear  debris 
<P k  «  0.56);  (c)  plastic  deformation,  but  no  debris,  was  seen  on  tracks  on  implanted  disks  (p,  =  0. 19). 
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laden  (Fig.  2(b)).  SEM-EDX  of  wear  tracks  showed  the  debris  to  be  composed  of 
materials  from  the  softer  of  the  ball-disk  couple  (Fig.  3). 

Coefficients  offriction  significantly  lower  (by  a  half  to  two  thirds  at  the  twentieth 
pass)  than  those  observed  for  non-implanted  disks  were  measured  for  the  titanium- 
implanted  disks  tested  against  balls  of  hardness  approximately  equal  to  or  harder 
than  that  of  Stoody  3.  After  20  passes,  plastic  deformation  was  apparent  on  all 
tracks  (see,  for  example,  Fig.  2(c)).  Wear  debris  formation,  when  it  occurred  (Table 
11),  was  light  compared  with  that  of  the  non-implanted  tracks.  Stoody  2  and 
tungsten  carbide  produced  the  most  severe  deformation  on  the  implanted  disks. 
Debris  particles,  although  few  in  number,  where  visible  were  of  the  same 
composition  as  the  Stoody  3  disks.  The  highest  /iK  values  of  the  implanted  disks  were 


Fig.  3.  SEM-EDX  of  (a)  302  stainless  steel  ball  tracks  and  (blMOC  stainless  steel  ball  tracks  on  Stoody  3 
disks.  The  debris  in  the  302  stainless  steel  track  had  the  same  composition  as  the  ball,  whereas  the  debris 
on  the  440C  track  had  the  same  composition  as  the  disk. 
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measured  while  testing  against  the  mild  steel  and  302  stainless  steel  balls.  Analogous 
to  the  non-implanted  disk  tests,  some  bail  material  was  transferred  to  the  disks. 

The  lowest  coefficients  of  friction  (fiK  s:  0.1)  were  observed  during  testing 
against  Stoody  3  disks  covered  by  an  adsorbed  C20  acid  monolayer  (Table  II).  Low 
friction  persisted  through  the  twentieth  pass  for  alt  alloy  sliders.  F aint  scratches  were 
produced  on  the  Stoody  3  disks,  but  no  debris  could  be  found  in  the  wear  tracks. 

3.3.2.  Carbon  pins-Stoody  3 

Titanium  implantation  reduced  the  friction  coefficient  of  the  P03-Stoody  3 
couples  by  30%  but  had  little  effect  on  the  P658RC-Stoody  3  couples.  Unlike  the 
titanium-implanted  surfaces,  however,  the  C,0  acid  monolayers  were  not  able  to 
maintain  low  friction  through  the  twentieth  pass  for  the  graphite  pins.  For  all 
surfaces  tested,  the  graphite  friction  was  consistently  higher  than  that  of  the  resin- 
impregnated  carbon-graphite.  Both  types  of  carbons  occasionally  produced  faint 
scratches  on  the  non-implanted  disks  but  not  on  the  implanted  Stoody  3  surfaces. 

4.  DISCUSSION 

The  implantation  of  titanium  to  high  fluences  produced  low  wear,  low  friction 
contact  surfaces  which  endured  the  rather  severe  sliding  contact  of  harder  alloy  balls 
by  deforming  plastically  but  not  delaminating  or  spalling.  Softer  alloy  balls  ( 302  and 
mild  steel)  degraded  during  sliding,  leaving  wear  debris  on  the  tracks.  Wear  debris 
coincided  with  higher  friction,  as  was  the  case  for  non-implanted  disks.  Thus,  harder 
alloys  gave  low  pK  values  but  softer  alloys  had  less  dramatic  reductions  in  friction. 

The  low  friction  coefficients  observed  with  titanium  implantation  cannot  be 
explained  by  the  presence  of  a  lubricious  contamination  on  the  surface,  as  the  low 
contact  angles  observed  on  the  implanted  disks  confirmed.  The  implantation 
process  must  therefore  have  induced  changes  in  the  Stoody  3  chemistry  and 
microstructure  which  affected  the  surface  mechanical  properties  of  the  disks. 
Titanium  implantation  into  Stoody  3  produced  the  vacuum-carburized  titanium 
layer  depicted  in  Fig.  1,  in  both  matrix  and  carbide  phases.  Identical  Ti  +  C  layers 
found  in  titanium-implanted  52 1 00  steel  were  shown  to  be  amorphous4.  For  reasons 
not  well  understood,  these  layers  produced  low  friction  wear-resistant  surfaces  in 
both  52100  steel  and  Stoody  3. 

During  implantation,  a  pronounced  texture,  distinct  from  that  seen  on  the 
polished  samples,  was  produced  by  titanium  ion  sputtering  of  the  Stoody  3  surface. 
However,  what  role,  if  any,  the  implantation-induced  texture  played  in  effecting  the 
improvement  in  the  tribological  behavior  of  the  alloy  is  not  known. 

5.  CONCLUSIONS 

(1)  Titanium-implanted  vacuum-carburized  Stoody  3  surfaces  show  a  dram¬ 
atic  improvement  in  friction  and  wear  properties  when  in  contact  with  alloys  of 
similar  or  greater  hardness. 

(2)  The  high  friction  coefficients  (pK  *  0.6)  of  alloy-Stoody  3  couples  have 
been  correlated  with  the  presence  of  wear  debris  of  the  softer  materia)  in  the  wear 
scars. 

(3)  Monolayer  films  of  C20  acid  are  durable  boundary  lubricants  on  Stoody  3 
surfaces. 
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R.G.  Vardiman 
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Washington,  U.C.  20375 

ABSTRACT 

The  friction  and  wear  of  Ti-6A1-4V  are  found  to  be 
sharply  reduced  by  carbon  implantation  followed  by  heat 
treatment.  Optimum  wear  resistance  is  developed  at  400°C, 
at  which  the  microstructure  of  the  implanted  layer  shows  a 
dense  array  of  TiC  precipitates  up  to  60  nm  in  size.  The 
implanted  layer  in  this  case  is  worn  through  in  a  few 
thousand  cycles  of  the  ball  on  disc  test,  but  by  implanting 
at  two  energies  to  achieve  a  deeper  carbide  layer, 
negligible  wear  was  found  even  after  20,000  cycles.  No  wear 
improvement  was  found  for  nitrogen  implantation. 


INTRODUCTION 

Titanium  alloys  have  always  presented  a  particular  problem  with  regard 
to  wear,  yet  many  applications  involve  fretting  or  wear  situations.  Most 
standard  coating  methods  do  not  work  well  on  titanium  usually  because  of 
adhesion  problems  flj.  It  is  not  always  possible  to  lubricate  the  surfaces, 
and  under  unlubricated  conditions  rapid  material  transfer  and  severe  wear 
can  occur  with  even  moderate  loads  (2). 

Ion  implantation  creates  a  surface  layer  with  no  adhesion  problems, 
since  the  affected  layer  is  continuous  with  the  underlying  material.  Wear 
improvement  has  been  achieved  in  a  variety  of  materials  by  implantation, 
usually  with  nitrogen  [ 3  J .  Two  recent  studies  [ 4 , 5  J  have  reported 
substantial  wear  improvement  in  Ti-6A1-4V  with  nitrogen  implantation. 

The  present  work  uses  carbon  implantation  with  post-implantation  heat 
treatment  to  produce  a  low  friction,  wear  resisting  surface.  Variations  in 
the  Implanted  layer  raicrostructure  are  seen  to  correlate  with  wear  behavior. 
A  dual  energy  implant,  increasing  the  depth  of  the  affected  layer,  produces 
a  larger  than  expected  improvement  in  wear  rate.  A  nitrogen  implanted 
specimen  tested  for  comparison  did  not  show  any  wear  improvement. 

Experimental  Methods 


The  starting  material  was  u-f3  processed  (mill  annealed)  Ti-6A1-4V. 
This  microstructure  is  characterized  by  equiaxed  a  grains  and  smaller, 
elongated  (3  grains  [6j.  Wear  discs  were  cut  approximately  2.6  cm  square  and 
0.45  cm  thick,  and  the  surface  polished  to  3  pm  diamond.  For  transmission 
electron  microscopy  (TEM) ,  3  mm  discs  were  mechanically  polished  to  100-150 
pm  thickness,  then  electropolished  on  one  side  before  implantation.  Final 
thinning  was  from  the  opposite  side,  with  the  implanted  surface  masked. 

For  implantation,  wear  specimens  were  clamped  to  an  aluminum  plate, 
while  TEM  specimens  were  attached  with  silver  paint.  Heat  sinking  was  good 
in  both  cases,  and  maximum  temperature  during  implantation  is  not  expected 
to  exceed  150°C.  Two  types  of  carbon  implantation  were  used.  First,  2x10^ 
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at./ cm^  was  implanted  at  75  keV.  All  TEM  specimens  received  this  treatment, 
and  one  set  of  wear  discs.  One  wear  disc  was  first  implanted  to  3x10^' 
at./cm^  at  175  keV,  followed  by  the  above  treatment,  in  order  to  give  a  much 

deeper  layer  of  carbon.  Nitrogen  was  implanted  to  2x10^  at./cm“-  at  100 
keV,  following  the  procedure  of  ref  4. 

All  material  was  heat  treated  in  ultra-high  vacuum.  The  cold  vacuum 
was  normally  IxlO-^  torr,  rising  to  roughly  2x10“®  torr  at  temperature. 
Temperature  regulation  was  typically  +  2°C.  Heat  treatments  were  for  one 
hour  at  300,  400,  or  500° C. 

TEM  examination  was  performed  on  a  200  kV  instrument  equipped  with  an 
electron  energy  loss  spectrometer  (EELS).  Both  EELS  analysis  and  the 
observation  of  the  highly  strained  appearance  characteristic  of  an  implanted 
layer  confirmed  that  the  material  under  examination  was  from  the 
implantation  layer. 

The  wear  test  used  here  was  a  simple  ball  on  disc  test.  The  ball  was 
12.7  mm  diameter  440C  stainless  steel.  The  position  of  the  ball  was 
adjusted  to  give  wear  tracks  with  diameters  between  14  mm  and  23  ram.  The 
rotation  rate  of  the  disc  was  adjusted  to  give  a  constant  speed  of  1.35 
cm/sec  of  the  ball  relative  to  the  disc.  The  friction  force  was  recorded 
continuously,  and  calibrated  before  and  after  each  test.  The  disc  surface 
was  covered  with  hexadecane,  a  poor  lubricant  which  was  used  to  give  a  more 
constant  surface  environment  than  laboratory  air.  The  normal  load  was  100 
g,  with  one  run  done  at  300  g. 


RESULTS 

Microstructural  Characterization 

The  microstructure  of  the  75  keV  implants  as  seen  in  TEM  shows  the 
presence  of  TiC  in  all  cases.  The  electron  diffraction  pattern  shows  in 
addition  to  the  titanium  spots  diffuse  rings  corresponding  to  a  FCC  phase  of 
the  expected  lattice  parameter  for  TiC.  The  evenness  of  the  ring 
intensities  indicates  the  carbides  are  incoherent  with  the  matrix.  Dark 
field  micrographs  using  portions  of  the  (111)  and  (200)  rings  are  shown  in 
Fig.  1.  The  particles  in  the  as  implanted  case  have  a  maximum  size  of  about 
10  nm.  After  one  hour  at  300°C,  there  is  only  a  small  change  in  maximum 
size,  but  the  density  appears  greater.  One  hour  at  400°C  produces  a  large 
change,  with  the  maximum  particle  size  increased  to  roughly  60  nm,  while  few 
particles  of  10-20  nm  size  are  seen.  The  overall  density  of  carbides  can  be 
more  clearly  seen  in  the  bright  field  micrograph  of  Fig.  2(a).  After  the 
500°C  heat  treatment,  few  small  particles  are  visible  (Fig.  1(d)),  while 
precipitates  of  the  size  0. 5-2.0  pm  are  found  every  two  or  three  grains.  A 
typical  large  carbide  is  shown  in  Fig.  2(b). 

Wear  Behavior 

Friction  and  wear  of  the  uniraplanted  material  were  found  to  be  as 
expected  [ 2 J ;  the  friction  coefficient  varying  between  approximately  0.4  and 
0.5  (see  Fig.  4(a)),  heavy  titanium  transfer  to  the  steel  ball  so  that  the 
wear  couple  was  essentially  titanium  on  titanium,  and  rapid  removal  of 
material  from  the  disc  wear  track  even  at  the  relatively  light  load  of  100  g. 


Wear  of  the  carbon  implanted  surface  showed  a  low  friction  coefficient 
initially  but  after  about  100  cycles  changed  to  that  of  the  unimplanted 
material,  and  after  1000  cycles  no  difference  in  total  wear  could  be 
discerned.  After  the  300°C  heat  treatment,  the  low  friction  coefficient 
persisted  for  approximately  500  cycles,  and  for  the  400°C  specimens,  for 
2500  cycles.  Prior  to  the  transition  in  friction,  the  amount  of  wear  was 
not  discernable;  that  is,  the  wear  track,  was  indistinguishable  from  the 
surface  roughness  when  measured  on  a  surface  prof i lometer.  Wear  of  the 
500°C  specimen  was  similar  to  the  as  implanted  surface;  that  is,  a 
transition  at  around  100  cycles.  The  number  of  cycles  before  the  transition 
is  plotted  in  Fig.  3  as  a  function  of  heat  treatment  temperature. 

The  friction  coefficient  in  the  low  wear  mode  was  sometimes  constant 
around  0.17,  a  value  similar  to  that  found  in  other  investigations  of 
implantation  improved  wear  in  Ti-6A1-4V  [5,6).  In  some  cases,  however,  the 
friction  coefficient  varied  around  the  wear  track  from  0.17  to  values  as 
high  as  0.55.  These  higher  friction  areas  were  found  to  be  associated  with 
small  grooves  whose  presence  did  not  appear  to  affect  the  wear  behavior. 
Fig.  4  shows  examples  of  the  various  types  of  friction  behavior  which  were 
found  in  this  study. 

By  implanting  at  more  than  one  energy,  the  implant  species 
concentration  can  be  made  nearly  constant  for  extended  depths.  In  order  to 
see  the  effect  of  a  thicker  implanted  layer  on  the  wear  behavior,  one  disc 
was  implanted  at  two  energies,  as  described  above,  then  heat  treated  one 
hour  at  400°C  to  optimize  wear  resistance.  Normal  loads  of  100  and  300  g 
were  used,  and  even  with  the  300  g  load,  no  transition  occurred  after  20,000 
cycles,  when  the  test  was  stopped.  No  wear  was  measurable,  but  the  track 
showed  considerable  discoloration  indicating  that  the  surface  had  oxidized 
t  here. 

The  nitrogen  implanted  specimen  showed  wear  characteristics  identical 
to  unimplanted  material.  Tests  run  with  mineral  oil  was  well  as  hexadecane 
showed  no  difference. 


DISCUSSION  AND  CONCLUSIONS 

The  dual  energy  implant  produces  a  high  concentration  carbon  layer 
three  to  four  times  thicker  chan  the  75  keV  implant.  The  number  of  cycles 
to  break  through  this  layer  is  obviously  much  greater  than  the  thickness 
ratio  would  suggest.  The  strengthening  of  a  greater  depth  of  material 
probably  contributes  strongly  to  this  extra  wear  resistance.  The  formation 
of  an  oxide  layer  in  the  wear  track  also  should  decrease  the  wear  rate  (5). 

Neither  nitrogen  or  carbon  improved  wear  resistance  in  the  as  implanted 
state  under  the  conditions  of  this  experiment.  Hutchings  and  Oliver  [ 5 1 
found  that  higher  concentrations  of  nitrogen  were  required  to  substantially 
improve  wear  resistance  in  Ti~6Al~4V,  although  Shepard  and  Suh  [4)  found 
wear  improvement  at  the  dose  and  energy  used  here.  The  finding  here  that 
precipitate  growth  is  needed  to  improve  wear  resistance  with  carbon 
implantation  agrees  with  the  lack  of  Improvement  by  nitrogen  implantation. 
Heat  treatment  would  not  be  expected  to  affect  the  wear  of  the  nitrogen 
implanted  surface,  as  temperatures  up  to  5U0°C  have  been  found  to  have 
little  effect  on  nitride  size  |b|. 


In  summary,  the  friction  and  wear  behavior  of  Ti-6A1-4V  is  found  to 
change  sharply  when  implanted  with  carbon  and  heat  treated  to  increase 
carbide  size.  Optimum  size  and  density  of  precipitates  to  resist  wear  is 
found  after  heat  treatment  at  400°C.  Even  more  extensive  improvement  is 
achieved  by  using  more  than  one  implantation  energy  to  increase  the 
thickness  of  the  carbide  layer. 
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FIG.  1.  Dark  field  TKM  showing  carbides  in  the  implanted  layer:  (a)  as 
implanted,  (b)  one  hour  at  K)0°C,  (c)  one  hour  at  and  id)  one 

hour  at  'juO°C. 
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FIG.  2.  Bright  field  TEM  showing  carbides  after  (a)  one  hour  at  400°C 
and  (b)  one  hour  at  500°C. 


FIG.  3.  Cycles  to  breakthrough  of  implanted  layer  vs  temporal ure  of 

heat  treatment. 
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KIG.  4.  Coefficient  of  friction  for  various  conditions:  (a) 
uuiraplanted  surface;  ( b)  and  (c)  different  friction  behavior 
found  after  carbon  implantation  plus  one  hour  at  400°C. 
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ABSTRACT 

304  and  316  stainless  steel  was  implanted  with  phosphorous  at  40  keV  or  with 
boron  at  21>  keV  to  a  fluence  of  1x10^  to  form  amorphous  surface  alloys.  The 
modification  of  the  corrosion  properties  of  the  steels  was  monitored  by  dynamic 
polarizaton. 

INTRODUCTION 

It  has  been  shown  by  Hashimoto  (ref.  I)  that  the  addition  of  metalloid 
elements  is  necessary  to  obtain  an  amorphous  structure  in  alloys  formed  by  rapid 
quenching  techniques.  Among  those  metalloid  elements,  phosphorous  and  boron  are 
important  to  ensure  good  corrosion  resistance  of  amorphous  iron-based  alloys 
containing  chromium.  Recently  ion  implantation  has  been  used  extensively  to 
modify  the  properties  of  the  surface  layers  of  pure  metals  and  alloys.  Implanta¬ 
tion  is  capable  of  producing  a  wide  range  of  metastable  surface  alloys.  With 
proper  selection  of  implant  element  and  implantation  parameters,  an  amorphous 
surface  alloy  may  be  formed  (ref. 2, 3,4).  In  this  work,  304  and  316  stainless 
steel  (ss)  have  been  implanted  with  phosphorous  at  40  keV  to  a  fluence  of  1x10^ 
ions  0r  with  boron  at  2r>  keV  to  a  fluence  of  1x10* 7  ions  cm"2.  In  each 

case,  this  resulted  in  the  formation  of  an  amorphous  surface  alloy  (ref. 2,3, 5). 
Combined  implantation  of  B  and  P  was  also  carried  out.  Anodic  polarization 
studies  were  carried  out  to  determine  the  effects  of  P  and  B  implantation  on  the 
active-passive  behavior  and  pitting  resistance  of  304  and  316  ss  in  deaerated 
solutions  of  0.SM  H2SO4  and  0.5M  H2SO4  +  0.5M  NaCl . 

EXPERIMENTAL 

The  chemical  composition  of  304  and  316  ss  is  given  below.  The  depth  profiles 
of  P  and  B  in  304  and  316  ss  were  obtained  by  Auger  Spectroscopy  with  6keV  argon 

or  2keV  xenon  ion  sputtering.  The  distribution  of  P  and  B  in  304  and  316  ss  were 

very  similar.  The  distributions  of  P  and  B  in  the  304  ss  samples  are  shown  in 

figures  la  and  lb.  It  is  seen  from  the  B  profile  .figure  lb,  that  a  slight 

enrichment  of  Fe  and  Cr  occurs  within  the  first  20  nm.  This  is  thought  to  be  due 
to  radiation  enhanced  diffusion  rathe-  than  selective  sputtering. 
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TABLE  1. 

Composition  of  304  and  316  stainless  steels 


Steel 

%  Cr 

%  Ni 

%  Mn 

%  Si 

HI 

2  N 

%  S 

%  P 

%  Fe 

304 

18.18 

8.48 

1.75 

0.5 

0.36 

0.051 

0.05 

0.005 

0.028 

balance 

316 

17.25 

10.82 

2.0 

0.6 

2.28 

0.05 

0.03 

0.030 

0.032 

balance 

sputtering  time  u<n  SPUTTERING  TIME  min 

...  _  _  • .  b.4  <Mt  mm'1) 


Fig.  la. 


Fig.  lb. 


Fig.  1.  AES  composition  depth  profiles  of  P  (la.)  and  B  (lb.)  implanted  304 
stainless  steel. 

Anodic  polarization  was  carried  out  in  argon  deaerated  solutions  of  0.5M 
H2SO4  and  0.5M  H2SO4  +  0.5M  NaCl  using  a  conventional  Greene  cell.  The  implanted 
samples  were  masked  with  epoxy  resin  to  prevent  attack  on  unimplanted  surfaces. 
All  potentials  were  recorded  relative  to  a  saturated  calomel  electrode  (SCE). 
The  samples  were  cathodically  treated  at  lmA/cm^  (150-200  mV  below  Eocp)  for  30 
minutes  to  remove  the  air  formed  film  on  the  surfaces.  Samples  were  than  anodic 
polarized  with  a  scanning  rate  of  ImV/sec. 
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RESULTS  AND  DISCUSSION 

Anodic  Polarization  in  0.5M  H2SO4 

The  anodic  polarization  curves  of  implanted  and  unimplanted  304  and  316  ss  in 
0.5M  H2SO4  are  given  in  figure  2  and  figure  3  with  the  corresponding  parameters 
given  in  Table  2.  All  the  implanted  steels  show  a  reduction  in  the  critical 
current  density  (Ic).  In  the  case  of  the  304  ss  samples, the  passivation  poten¬ 
tial  <Ep)  shifted  to  more  negative  values  and  a  small  decrease  in  the  transpas¬ 
sive  potential  (Bp)  is  observed.  The  elevation  of  the  slope  of  the  transpassive 
curve  indicated  that  P-  i  m  pi  an  ta  ti  on  reduces  the  rate  of  transpassive  dissolu¬ 
tion.  In  the  passive  potential  region  Phosphorous  tended  to  form  a  more  stable 
film  as  indicated  by  a  lower  passive  current  density  ''Ipp).  Boron  implanted 
steel  showed  a  higher  current  density  in  the  same  potential  region.  A  second 
current  maximum  (Ep')  was  observed  on  each  of  the  implanted  steels.  The  polari¬ 
zation  behaviour  of  the  P  and  B  multi-implanted  steel  is  midway  between  that  of 
both  P  and  B  implanted  steel.  Therefore  there  appears  to  be  no  synergistic 
effect  on  the  anodic  behaviour  of  304  ss  from  mixing  P  and  B. 

P-implantation  of  316  ss  results  in  the  complete  removal  of  the  active 
region.  A  single  anodic  maximum  is  observed  at  +33mV.  The  transpassive  potential 
and  the  slope  of  the  transpassive  branch  is  slightly  increased.  B  implantation 
provides  no  evident  improvement  in  the  anodic  characteristics  of  316  ss,  but 
instead  leads  to  a  slight  positive  increase  in  the  passivation  potential. 


Fig.  2.  Fig.  3. 


Fig.  2.  Anodic  polarization  curves  of  unimplanted  and  implanted  304  ss 
in  0.5M  H2SO4  solution. 

Fig.  3.  Anodic  polarization  curves  of  unimplanted  and  implanted  316  ss 
in  0.5M  H2S04. 
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TABLE  2 

Anodic  polarization  parameters  determined  in  deaerated  Q.5M  H2SO4 


Steel 

Potential  (mV 

vs  SCE) 

Current  Density  (v-A 

cm~4) 

Eocp 

Ep 

E“ 

Et 

Ic 

Ic’ 

Ipp 

304 

mwm 

-225 

— 

+945 

200.0 

— 

3.4 

304-P 

-330 

-250 

+50 

+930 

4.2 

7.1 

3.3 

304-B 

-375 

-263 

+200 

+910 

42.0 

12.5 

11.0 

304-P, B 

-330 

-250 

0 

+933 

8.2 

12.4 

6.6 

316 

-314 

-206 

— 

+904 

84.0 

_ 

8.4 

316-P 

-325 

— 

+33 

+900 

— 

4.5 

3.7 

316-8 

-305 

-125 

-5 

+935 

70.0 

50.0 

8.4 

316-B.P 

-282 

-245 

32 

+962 

3.2 

16.5 

7.2 

Anodic  polarization  in  0.5M  H2SO4  +  0.5M  NaCl 

The  anodic  polarization  curves  for  Implanted  and  unimplanted  304  and  316  ss 
in  the  acid/chloride  solutions  are  presented  in  figures  4  and  5.  The  correspon¬ 
ding  parameters  are  given  in  Table  3.  The  beneficial  effect  of  P-implantation  on 
the  active-passive  transition  is  repeated  in  the  acid/chloride  solution  as  is 
the  lowering  of  the  critical  current  density  for  304  passivation.  As  before,  B 
increased  the  passivation  potential  both  for  304  and  316  ss  in  the  positive 
direction.  P-implantation  appears  to  have  little  beneficial  effect  upon  the 
pitting  resistance  of  304  and  316  ss,  while  B  significantly  raises  the  pitting 
potential  (Eb)  of  both  steels.  The  multiple  P  and  B  implantation  treatment 
combines  the  beneficial  effect  of  P  on  the  active-passive  transition,  and  the 
beneficial  effect  of  B  on  the  breakdown  potential  (Eb). 

It  is  interesting  to  note  that  Mo  is  added  to  stainless  steels  to  improve 
pitting  resistance.  However,  it  is  well  known  that  Mo  also  tends  to  increase  the 
activity  of  the  stainless  steel  slightly.  Therefore  Mo  and  B  appear  to  have  some 
similar  characteristics.  At  this  stage  the  exact  effect  Mo  and  B  may  have  on  the 
properties  of  the  passive  film  and  on  the  metal  layer  interfacing  the  film  is 
not  known.  A  more  comprehensive  study  to  include  the  composition  analysis  of  the 
passive  films  and  the  underlying  alloy  of  both  unimplanted  and  implanted  stain¬ 
less  steel  is  currently  underway  and  will  be  reported  elsewhere. 
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Fig.  4.  Fig.  5. 

Fig.  4.  Anodic  polarization  curves  of  unio planted  and  implanted  304  ss 
in  0.5M  H2SO4  +  0.5M  NaCl. 

Fig.  5.  Anodic  polarization  curves  of  unimplanted  and  implanted  316  ss 
in  0.5M  H2SO4  +  0.5M  NaCl. 

TABLE  3 

Anodic  polarization  parameters  determined  in  deaerated  0.5M  H2SO4+  0.5M  NaCl. 


Steel 

Potential  (mV 

vs  SCE) 

Current 

Density  (l.A  cm"2) 

Eocp 

Ep 

Ep' 

1  Eb 

Ic 

Ic’ 

Ipp 

304 

-390 

-243 

+150 

2600 

— 

15.0 

304-P 

-345 

-263 

-80 

+160 

23 

9.6 

6.5 

304-B 

-375 

-145 

— 

+350 

195 

— 

11.5 

304-P, B 

-342 

-237 

-80 

+110 

30 

16.0 

8.3 

316 

-340 

-236 

— 

+305 

280 

— 

2.2 

316-P 

-250 

-135 

0 

+225 

1.6 

2.2 

1.3 

316-B 

-295 

-180 

-75 

+692 

160 

120.0 

7.0 

316-P.B 

-250 

-112 

— 

+640 

25 

25.0 

7.1 

CONCLUSIONS 

*  P-implantation  improved  the  active-passive  behavior  of  304  and  316  ss  in 
solutions  of  0.5M  H2SO4  and  0.5M  H2SO4  +  0.5M  NaCl. 

*  B- implantation  had  no  beneficial  effect  on  the  active-passive  behavior  of  304 
and  316  ss  in  both  test  electrolytes. 

*  B  significantly  increased  the  pitting  resistance  of  304  and  316  ss  in  the  0.5 
H2SO4  ♦  0.5M  NaCl  solution. 

*  The  beneficial  effects  of  P  and  B  were  combined  in  the  multiple  implantation 
treatment. 
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Abstract 


The  nature  of  the  passive  films  formed  on  316  stainless 
steel  (ss)  and  on  amorphous  surface  alloys  formed  on  316ss  by 
P  and  B  ion  implantation  have  been  studied-  The  passive 
films  formed  on  316ss  at  +250mV  and  +550mV  (vs  SCE)  in  de¬ 
aerated  0.5M  ^SO^  were  found  to  be  crystalline.  Under  ident¬ 
ical  conditions  the  passive  films  formed  on  both  of  the  amor¬ 
phous  surface  alloys  were  found  to  be  amorphous.  P  implanta¬ 
tion  resulted  in  self-passivation  in  0.5M  H^SO^  and  0.5M 
H.SO^  +  0.5M  NaCl,  but  was  less  resistant  to  pitting  than 
3I6ss.  B  implantation,  however,  had  no  beneficial  effect  on 
the  active-passive  transition  but  exhibited  a  higher  pitting 
resistance  than  316ss.  An  attempt  is  made  to  explain  the 
differences  in  passivity  and  breakdown  of  passivity  of  the 
two  amorphous  surface  alloys  in  terms  of  the  composition  of 
their  passive  films. 


Introduction 


Ion  implantation  is  emerging  as  a  specialized  corrosion  protection 
treatment  in  which  pure  metals  and:  engineering  alloys  may  be  doped  with 
metals  or  metalloids  in  order  to  modify  anodic  and  cathodic  process¬ 
es  (1).  Ion  Implantation  provides  wide  scope  for  producing  a  range  of 
metastable  surface  alloys,  some  of  which  are  amorphous.  To  form  amor¬ 
phous  surface  alloys  care  is  taken  to  choose  an  implant  species  which 
either  has  a  very  low  miscibility  in  the  host  element  eg.  Ta-*Fe  (or 
steel)  or  which  may  form  a  deep  eutectic  eg.  P  or  B-FFe  (or  steel). 

In  this  paper  we  consider  improving  the  general  and  localized  cor¬ 
rosion  resistance  of  316ss  by  producing  amorphous  surface  alloys  by 
implantation  with  17  +  2 

a)  P  implantation  at  10^p+  cra_2  and  40  KeV 
and  b)  B  implantation  at  10  B  cm  and  25  KeV.  In  previous  com¬ 
munications  we  have  considered  the  structure  and  composition  of  the 
passive  films  formed  on  P-*-304ss  (2,3)  and  have  compared  the  electro¬ 
chemical  behavior  of  P  and  B  implanted  304  and  316ss  (4) .  In  this 
work  we  are  concerned  in  part  with  the  effect  of  P  and  B  implantation 
on  the  structure,  thickness  and  composition  of  the  passive  films  formed 
on  316ss  in  deaerated  0.5M  H2SO^  under  controlled  potential  conditions. 
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Experimental 


The  chemical  composition  of  316ss  is  given  in  Table  1 

Table  1 

Composition  of  316  Stainless  Steel  in  wt% 

Cr.  Ni.  Mn.  Si.  Mo.  C.  N .  S  P  Fe 

17.25  10.82  2.00  0.60  2.28  0.05  0.03  0.03  0.03  Bal 

The  samples  were  mechanically  polished  up  the  grades  finishing  with  a 
0.5  ym  chromium  oxide  paste  polish.  Samples  were  then  washed  in  meth¬ 
anol.  Following  ion  implantation  the  composition  of  the  surface  alloys 
was  determined  by  auger  depth  profiling.  The  profiles  obtained  are 
presented  in  figure  1.  Structural  analysis  consisted  of  Reflection 
High  Energy  Electron  Diffraction  (RHEED)  of  the  as-implanted  surfaces. 
The  electrochemical  behavior  of  the  unimplanted  and  implanted  steels 
was  determined  by  potentiodynamic  polarization  using  a  PAR  Model  173 
potentiostat . 


SPUTTERING  nut  mm 

1-0  4  ntrt  m in  "•  I 


OCPTH  ,  nm  ) 


SPUTTERING  TIME  mm 


la  lb 

Fig.  1.  AES  Composition  depth  profiles  of  P  (la) 
and  B  (lb)  implanted  316  stainless  steel 

Potentiodynamic  polarization  was  carried  out  in  argon  deaerated 
solutions  of  0.5M  and  0.5M  +  0.5M  NaCl  using  a  convention¬ 

al  Greene  cell.  The  implanted  samples  were  masked  with  epoxy  resin  to 
prevent  attack  on  unimplanted  surfaces.  All  potentials  were  recorded 
relative  to  a  saturated  calomel  electrode  (SCE).  The  samples  were 
cathodically  treated  atlmA  cm-^  (150-200  mV  belowE  )  for  30  minutes 
to  remove  the  air  formed  film  on  the  surfaces.  Samples  were  then 


125 


anodieally  poLarized  with  a  scanning  rate  of  lmV  sec  ^ .  The  resulting 
polarization  curves  are  presented  in  figure  2. 
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Fig.  2. 


Anodic  polarization  curves  for  316ss  and 
316ss  implanted  with  P  and  B  in  0.5M  H  SO 
(2a)  and  0.5M  H0SO,  +  0.5M  NaCl  solution 

Z  *4 


Passive  films  were  prepared  on  the  unimplanted  and  implanted 
steel  in  0.5M  H^SO^  potentiostating  at  +250mV  and  +550mV  for  1  hour 
which  insured  tne  attainment  of  steady  state.  Comprehensive  character¬ 
ization  of  the  passive  films  included:  -  structural  analysis  determined 
by  RHEED;  film  thickness  and  elemental  distribution  analysis  by  AES 
with  2KeV  Xe  ion  sputtering  and  specific  oxidation  state  information 
from  components  within  the  film  and  at  the  metal-film  interface  by  non¬ 
destructive  variable  angle  XPS  (5) .  The  RHEED  data  is  summarized  in 
Table  2  and  the  Auger  depth  profiles  in  figure  3.  RHEED  Patterns  were 
obtained  using  a  Phillips  EM  300  Transmission  Electron  Microscope  at 
lOOKeV.  Sample  mounting  onto  the  RHEED  holder  and  transfer  to  the 
electron  microscope  was  carried  out  under  an  argon  atmosphere.  Struc¬ 
tural  information  was  obtained  by  calculating  the  interplanar  spacings 
employing  a  thin  film  of  gold  as  a  standard  to  calculate  the  camera 
constant.  Electron  spectroscopy  was  performed  on  a  combined  V.  G. 
Scientific  ESCA  3MK  II,  SAM  unit  controlled  by  a  V.  G.  Scientific  Data- 
system  1000.  XPS  spectra  were  corrected  for  charge  shifting  taking 
the  adventitious  surface  carbon  Is  spectrum  at  284. 6eV. 
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Table  2 


Summary  of  RHEED 

analysis  of  Passive  Films 

formed  in  deaerated 

0.5M  H^S0/ 
l  4 

Samp le 

+250mV,  1  hr. 

+550mV,  1  hr. 

316ss 

Cr (OH) 3 

Green  Rust  II 

! 

I 

Cr(0H3  l 

Green  Rust  11 

1 

Y  Fe  00H  | 

Mo7s3  j 

B-*316ss 

Non  crystalline 

Non  crystalline  j 

P-*316ss 

Non  crystalline 

Non  crystalline  ■ 

] 

Results  and  Discussion 


It  is  apparent  from  the  auger  depth  profiles  of  the  ion  implanted 
steel  samples  (figure  1)  that  the  peak  concentration  of  the  P  surface 
alloy  was  50  at%  and  the  surface  concentration  37  at%.  The  peak  con¬ 
centration  of  B  was  found  to  be  20a t'l  and  the  surface  concentration 
5at Z.  No  evidence  was  found  of  selective  sputtering  or  radiation  en¬ 
hanced  diffusion  resulting  from  the  implantation  process.  There  was 
also  no  evidence  of  excessive  surface  oxidation  or  carburization  that 
had  previously  been  reported  for  Cr  implantation  (6).  It  has  previous¬ 
ly  been  shown  that  P  and  B  implantation  of  stainless  steel,  using  the 
parameters  employed  in  this  study  resulted  in  amorphous  surface  alloys 
(7).  From  Figure  2  it  can  be  seen  that  P  implantation  resulted  in 
self-passivity  in  0.5M  solution  and_a  marked  reduction  in  the 

critical  current  density  in  the  acidic  S0^/C1  solution.  In  0.5M  H?S0^ 
the  passive  current  density  was  also  reduced.  However,  in  the  acidic 
S0^/C1  solution  fluctuations  in  the  passive  current  density  were  ob¬ 
served  at  the  onset  of  passivity  and  a  lowering  of  breakdown  potential 
was  recorded.  B  implantation  had  no  beneficial  effects  on  the  active- 
passive  transition  or  passive  current  density.  However,  B  implantation 
resulted  in  a  very  significant  increase  in  the  breakdown  potential. 

RHEED  analysis  rendered  no  evidence  of  crystallinity  in  the  pas¬ 
sive  films  formed  on  the  P  and  B  surface  alloys.  However,  the  im¬ 
planted  steel  produced  a  crystalline  film  consisting  of  CrCOH)^  and 
Green  Rust  II  at  +250mV.  In  addition  to  these  phases,  Mo^S^  and 
y-FeOOH  was  observed  at  +550mV.  The  appearance  of  Mo^S^  was  confirmed 
by  variable  angle  XPS  which  detected  sulphide  at  the  metal  oxide  inter¬ 
face.  This  is  shown  in  Figure  4.  S07  was  also  observed,  as  shown  in 

Figure  4,  and  was  associated  with  FeSO^  in  Green  Rust  II  i.e. 
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Fig.  3.  AES  composition  profiles  of  the  anodic  films  formed 
on  316ss.  (a,  b)  316ss  implanted  with  P  (c,  d)  and 

B  (e, f )  in  0.5M  H2SO^  at  +250mV  and  +  550mV  SCE 


128 


1 


4Fe(0H)p  •  2Fe(OH)3  .  FeSO^  .  XH20  (8).  Both  FeSO^  and  Mo2S3  may  form 
by  the  decomposition  of  the  anion  HSO^  to  HS  as  follows: 


HSO, 

4 

+  M  -*•  MSO. 

4 

+  H  +  e  _ 

-(1) 

HSO^ 

+  8H  -*•  HS~ 

+  4H20 

-(2) 

where  M  may  be  Fe. 

The  sparingly  soluble  Mo^^  may  be  formed  as  follows: 

2Mo3+  +  3HS~  -*•  Mo2S3  +  3H  (3) 

Reactions  (1)  and  (2)  have  been  discussed  by  Droste  and  Feller  in  the 
anodic  dissolution  of  Ni  in  0.5M  (9).  We  note  that  in  their 

work  both  NiS  and  Ni3S2  was  detected  on  Ni  electrodes  by  electron  dif¬ 
fraction. 


BINDING  ENERGY  < tv  i 


Fig.  4.  S  2p  photoelectron  spectra  measured  for  anodic 

film  formed  on  316ss  in  0.5M  H2 SO^  at  +550mV  SCE 

By  varying  the  photoelectron  take-off  angle  to  enhance  the  spec¬ 
trum  of  the  near  surface  atoms,  i.e.  to  20  (measured  from  the  plane 
of  the  sample)  and  50  to  enhance  the  metal-film  interface  spectrum, 
it  was  possible  to  detect  two  S  2p  spectra:  (a)  S0^  (B.E.  *  168. 8eV) 
detected  throughout  the  film  and  (b)  S_  (B.E.  =  162. 4eV)  which  was  de¬ 
tected  at  the  metal-film  interface  of  Boron  and  unimplanted  steel. 

The  phosphorus  implanted  steel  revealed  only  a  trace  of  sulphide  at 
+250mV.  No  sulphide  was  detected  at  550mV.  It  was  also  noted  that  at 
+550mV  the  sulphide  content  was  highest  in  the  B  -*■  316ss. 


129 


The  XPS  analysis  suggests  that  the  appearance  of  sulphide  is  in¬ 
dicated  in  the  Auger  depth  profiles  of  the  passive  films  formed  on 
316ss  and  B-<-316ss  as  a  maximum  in  the  S  distribution.  In  considering 
the  mechanism  by  which  P  may  suppress  sulphide  formation  it  is  possible 
that  the  formation  of  Fe^PO^^  which  is  more  soluble  than  FeSO^,  was 
produced  at  a  higher  rate  than  the  sulphate  thus  effectively  stifling 
reaction  (2)  and  ultimately  reaction  (3) .  It  has  been  postulated  by 
Hashimoto  that  the  efficient  dissolution  of  iron  phosphate  formed 
during  the  anodic  dissolution  of  amorphous  alloys  containing  Fe,  P  and 
Cr,  leads  to  rapid  surface  enrichment  of  Cr  and  ultimately  the  forma¬ 
tion  of  a  Cr-rich  passive  film  (10).  In  the  same  context,  Hashimoto 
has  also  found  that  B  is  not  as  effective  as  P  and  thus  presumably 
iron  borate  is  not  so  readily  formed  at  low  potentials  (11) .  This 
would  suggest  that  B  implantation  of  316ss  would  neither  be  expected 
to  suppress  sulphide  formation  not  to  induce  spontaneous  passivation 

in  0.5M  H„S0, . 

2  4 

An  alternative  source  of  S  may  be  that  contained  in  the  steel  as 
an  impurity  (0.03wt%).  Marcus  and  Oudar  have  shown  that  S  impurities 
in  Ni  can  become  surface  segregated  during  anodic  dissolution  (12) . 

We  note  that  the  significantly  lower  passive  current  density  associ¬ 
ated  with  P  implantation  would  tend  to  reduce  the  degree  of  sulphur 
enrichment  at  the  metal-oxide  interface.  B,  however,  tends  to  increase 
the  passive  current  density  in  0.5M  and,  therefore,  could  explain 

the  higher  level  of  sulphide  retention  compared  to  the  unimplanted 
steel.  Clearly  a  more  detailed  study  of  the  source  of  sulphide  is 
needed. 

The  appearance  of  Mo^S^  at  the  metal-film  interface  of  316ss  and 
B->-316ss  suggests  the  possibility  that  this  compound  may  act  as  a  j^i- 
mary  passive  layer  which  may  slow  down  the  dissolution  rate  of  Cr 
allowing  accumulation  of  Cr^  and  OH  ions  and  thereby  aid  in  the  for¬ 
mation  and  retention  of  CrWH)^.  It  has  been  suggested  by  Hashimoto 
and  co-workers  that  Mo  in  amorphous  alloys  and  crystalline  ferrous 
alloys  aids  in  the  establishment  of  a  Cr-rich  passive  film  via  the 
formation  of  a  Mo-rich  corrosion  product  layer  in  the  manner  described 
above  (13).  However,  the  instability  of  the  Mo-bearing  corrosion 
products  leads  to  oxidation  to  the  soluble  Mo°  cation  leaving  little 
trace  of  Mo  in  the  film.  By  contrast  in  this  study  the  Mo-product  it 
relatively  stable  at  least  to  +550mV.  Some  traces  of  Mo^+  were  found 
in  the  passive  films  by  XPS  indicating  perhaps  some  evidence  of  break¬ 
down  of  the  sulphide. 

B  implantation  appears  to  enhance  the  formation  of  interfacial 
sulphide  at  +550mV.  It  does  not,  however,  increase  the  CrJ  content 
in  the  film  or  alter  film  thickness.  Unlike  316ss,  B-+316  ss  produces 
an  amorphous  passive  film  which  is  contaminated  with  a  low  concentra¬ 
tion  of  BOr+  anions.  The  three  characteristics  of  the  passive  films 
formed  on  B-+316  ss  that  appear  to  correlate  with  improved  pitting  re¬ 
sistance  are: 
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a)  Che  amorphous  structure  of  the  film 

b)  increased  retention  of  OH 

c)  enrichment  of  Mo^S^  at  the  metal-oxide  interface. 

Amorphicity  plays  an  important  role  in  improving  pitting  resist¬ 
ance  by  reducing  ionic  mobility.  Such  films  may  also  be  highly  hydrat¬ 
ed.  A  high  degree  of  bound  water  is  beneficial  to  the  repair  of  active 
sites  caused  by  agressive  anions  (14) .  The  exact  role  of  the  sulphide 
layer  on  passivity  is  unknown,  however,  it  is  possible  that  the  inner 
sulphide  layer  may  aid  in  the  retention  of  bound  water  in  an  outer 
hvdroxide-type  passive  film  by  partially  screening  the  outer  layers 
from  the  high  anodic  electric  field  which  otherwise  activates  deproto¬ 
nation.  It  is  also  conceivable  that  the  sulphide  layer  acts  as  an 
effective  barrier  against  Cl  ions  centering  at  weak  points  in  the  outer 
hydroxide  layer. 

Of  the  two  metalloids  studied,  it  is  apparent  from  passive  film 
analysis  that  PO^  retention  is  much  higher  than  PO^-.  This  is  in 
part  due  to  the  higher  concentration  of  P  retained  in  316ss  following 
the  high  fluence  implantations  necessary  to  form  the  amorphous  surface 
alloys.  The  high  concentration  of  P  at  the  metal-oxide  interface 
found  in  the  auger  depth  profiles  indicates  the  location  of  surface 
phosphates,  observed  by  XPS ,  which  provide  passivity.  It  was  also 
noted  that  Cr  retention  in  the  films  formed  on  P-*316ss  was  surprisingly 
lower  than  316ss  and  B-*-316ss  despite  the  excellent  passivation  behav¬ 
ior  observed  in  0.5M  H^SO, .  This  would  suggest  that  insoluble  phos¬ 
phates  of  Fe  and  Cr  provide  a  salt  layer  as  the  main  constituent  of 
the  passive  film.  This  barrier  layer  may  also  accommodate  the  form¬ 
ation  of  a  relatively  small  concentration  of  amorphous  Cr(OH)^.  In  an 
earlier  paper  we  discussed  a  similar  mechanism  for  the  passivity  of 
P-*304ss  in  0.5M  following  detection  of  Cr  PO^  and  FeCPO^)^  in 

the  passive  films  formed  at  +250mV  and  +550mV  (3) .  In  the  same  paper 
evidence  from  XPS  analysis  was  presented  of  the  displacement  of  P0^“ 
anions  by  Cl  ions  following  Cl  ion  innoculation  experiments  at 
+550mV  in  0.5M  H^SO, .  This  process  may  be  responsible  for  the  break¬ 
down  of  passivity  o?  P—316ss. 

Conclusions 


1.  RHEED  analysis  suggested  that  the  passive  films  formed  on  316ss  in 

0.5M  H„SO^  were  crystalline,  containing  CrCOH)^  and  Green  Rust  II  1 

at  both  potentials  studied.  In  addition  Mo^S^  and  y-FeOOH  were  1 

observed  at  +550mV.  XPS  suggested  that  sulphide  was  also  present  ) 

at  +250mV  at  the  metal-oxide  interface. 

2.  F  implanted  316ss  spontaneously  passivates  in  0.5M  H2S0^  by  form¬ 
ation  of  an  amorphous  film  of  insoluble  Fe  and  Cr  phosphates.  In 
acidic  S04  /Cl_  solutions  the  phosphate  barrier  film  was  readily 
attacked  by  Cl  ions  and  pitting  occurred  at  a  lower  potential 
than  316ss. 
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3.  B-implanted  316ss  passivated  at  a  more  noble  potential  than  316ss 
in  0.5M  H^SO^.  The  passive  film  was  amorphous  consisting  of  Cr 
and  Fe  hydroxides.  The  film  was  very  similar  to  that  formed  on 
316ss  having  the  same  thickness  and  Cr  concentration.  However,  it 
was  more  highly  hydrated.  An  inner  layer  of  sulphide  was  also  ob¬ 
served  by  electron  spectroscopy.  Pitting  in  anodic  S0~/C1~  solu¬ 
tion  occurred  at  higher  potentials  than  316ss.  This  was  attribu¬ 
ted  both  to  the  amorphous  structure  and  higher  bound  water  content 
of  the  passive  film. 
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Abstract 


The  pitting  resistance  of  AISI  52100  steel  in  deaerated 
0.01M  NaCl  (pH  6  buffered)  solution  has  been  significantly 
improved  following  ion  implantation  with  a)  Cr,  b)  Cr  +  P 
and  c)  Ta  ions.  Cr  +P  and  Ta  ion  implantation  resulted  in 
the  formation  of  amorphous  surface  alloys.  The  improvements 
observed  in  pitting  resistance  are  discussed  in  terms  of  the 
effect  of  the  ion  implantation  process  on  the  composition  and 
structure  of  the  carbides  and  martensitic  metal  matrix  and 
the  nature  of  the  passive  films  formed  on  the  surface  alloys 
in  the  Cl  solution. 


Introduction 


AISI  52100  steel  is  one  of  the  most  widely  used  bearing  alloys  in 
aircraft  propulsion  systems.  It  is  a  through-hardened  martensitic 
steel  possessing  high  hardness  and  good  wear  resistance.  Commonly, 
corrosion  takes  the  form  of  localized  pitting  along  the  contact  region 
between  the  rollers  and  racers  (1).  Corrosion  is  also  responsible  for 
the  severe  lowering  of  the  shelf-life  of  replacement  bearings,  inde¬ 
pendent  of  the  type  of  bearing  alloy.  This  study  considers  the  use  of 
ion  implantation  as  a  corrosion  protection  treatment  to  improve  the 
passivation  behavior  of  52100  steel.  The  choice  of  ion  implantation 
as  a  corrosion  protection  treatment  was  based  on  the  fact  that  the 
technique  does  not  alter  the  dimensions  of  the  bearings  or  reduce  the 
contact  fatigue  resistance  (2).  Also,  several  studies  have  demonstra¬ 
ted  that  ion  implantation  may  be  used  to  improve  the  corrosion  and 
mechanical  properties  of  ferrous  alloys  (3).  In  this  paper,  we  con¬ 
sider  the  use  of  ion  implantation  with  Cr,  Cr  +  P  and  Ta  as  a  corro¬ 
sion  protection  treatment  for  the  purpose  of  improving  localized  cor¬ 
rosion  resistance.  The  Cr  +  P  and  Ta  implantations  were  carried  out 
with  a  view  to  forming  amorphous  surface  alloys,  which  are  commonly 
found  to  be  more  corrosion  resistant  than  crystalline  alloys  (4) . 
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Zymet  Inc.,  Danvers,  MA  01923 
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Experimental 


AIS1  52100  bearing  steel  is  a  martensitic  steel  containing  very 
little  Cr.  Its  elemental  composition  is  given  in  Table  1. 


Table  1 

AISI  52100  Steel  Composition  (%  by  Wt . ) 


c 

0.96 

Mn 

0.36 

Si 

0.22 

P 

0.01 

S 

0.01 

Cr 

1.36 

Fe 

remainder 

Samples  of  7  x  7  x  1  mm  were  cut  from  rod  stock.  Polishing  was 
then  carried  out  up  the  grades  finishing  with  a  1  pm  diamond  polish 
finish.  Samples  were  then  degreased  in  methanol,  rinsed  in  distilled 
water  and  dried.  The  ion  implantation  treatments  considered  in  this 
work  are  outlined  in  Table  2.  Electrochemically-thinried  3  mm  diameter 
discs  suitable  for  TEM  and  4  x  A  x  0.5  mm  thin  foils  for  RHEED  analysis 
were  also  implanted. 


Ion 

Table  2 

Implantation  Conditions 

Energy 

(keV) 

Fluence  „ 

(1017  cm  ) 

Cr 

2.0 

130 

Cr-f 

2.0 

350 

P 

0.5 

A0 

Ta 

1.0 

150 

The  compositions  of  the  passive  films  and  surface  alloys  formed  by  ion 
implantation  were  determined  by  X-ray  Photoelect.ron  Spectroscopy  (XPS) 
arid  Auger  Electron  Spectroscopy  (AES).  Depth  profiling  was  carried 
out  with  a  V.G.  Scientific  Scanning  Auger  Microprobe  mounted  onto  a 
V.G.  Scientific  ESCA  3  Midi  which  is  fitted  with  an  hemispherical 
electrostatic  analyzer.  Auger  measurements  wore  carried  out  in 
5  x  10~^0  torr  background  pressure  using  a  factorable  electron  gun 
operating  at  3  UoV,  a  beam  current  of  20  pA,  and  a  modulation  voltage 
of  3V.  Ion  etching  was  carried  out  intermittently  using  Xe  ions. 

The  ion  gun  was  operated  at  2koV  accelerating  potential  in  a  back¬ 
ground  pressure  of  10~^'  torr  of  Xe.  XPS  spectra  were  taken  using 
Al.  K  ,  „  radiation  with  a  power  of  200W  and  the  vacuum  was  better  than 
a1’2  3  x  10-10  tot^ 
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studies  was  a  deaerated  0.01  M  Nad  (pH  6  acetate  buffer)  solution. 

The  samples  were  initially  cathodically  polarized  for  30  minutes  at  a 
sufficiently  negative  potential  to  yield  a  cathodic,  current  of  5  taA  in 
order  to  reduce  the  air  formed  oxide  films.  The  samples  used  in  cor¬ 
rosion  experiments  were  then  left  at  open  circuit  potential  for  3-5 
minutes  prior  to  potent iodynan Lc  anodic  polarization.  The  scan  rate 
used  was  1  mV  sec-^.  In  the  passive  fill.;  studies,  the  specimens  were 
potentiostatically  polarized  to  -300  mV  after  the  removal  of  the  air 
formed  oxide  film.  The  samples  were  then  held  at  this  potential  for 
10  minutes.  All  electrode  potentials  were  measured  against  a  Satu¬ 
rated  Calomel  Electrode  (SCE) . 


Results  and  Di s_cur. s von 
Composition  and  Stru c 1 1 : re_o f  S u rfa c < t_A Hoys 

Auger  depth  profiles  of  the  surface  alloys  are  presented  in  fig¬ 
ure  1.  The  Cr  concentration  is  found  to  increase  from  18.5at%  at  the 
alloy  surface  to  a  maximum  value  at  26  nm  of  25.8at%.  The  correspond¬ 
ing  values  for  the  Cr  +  P  surface  alloy  was  18.3at%  Cr  at  the  surface 
and  32.3at%  at  27nm.  Ta  implantation  resulted  in  a  surface  compos¬ 
ition  of  10at%  Ta  and  a  maximum  concentration  of  ?.0at%  at  19  nm. 

TEM  analysis  of  ion  thinned  3  nm  discs  of  iort  implanted  AISI 
52100  steel  was  carried  out  to  determine  the  structure  of  the  surface 
alloys.  This  analysis  will  be  fully  described  elsewhere  (5).  To 
summarize  this  analysis,  it  was  found  that  the  surface  alloys  formed 
by  Ta  and  Cr  +  P  implantation  were  amorphous.  Ta  is  virtually  immis¬ 
cible  in  Fe  and  hence  the  surface  alloy  is  a  highly  rnetustable  super¬ 
saturated  amorphous  solid  solution.  The  Cr  +  P  surface  alloy  is  also 
a  highly  inetastable  amorphous  solid  solution.  It  is  important  to  note 
that  amorphicity  was  achieved  at  a  lower  P  flucnce  than  reported  in 
the  literature  (6)  i.e.  at  5  x  10lf)  P+  ions  crn~2  compared  to  IQ1'7. 

The  lover  flucnce  was  chosen  in  an  attempt  to  lower  the  P  concentra¬ 
tion  in  the  passive  film  and  produce  a  film  based  on  chromium  hydroxid 
rather  than  phosphates  which  have  been  shown  to  be  highly  vulnerable 
to  Cl  ion  attack  (7). 

Cr  implantation  resulted  in  the  formation  of  a  crystalline  mar¬ 
tensitic  surface  alloy.  An  important  observation  made  in  this  analy¬ 
sis  is  that  surface  carbides  that  are  present  in  the  steel  before  im¬ 
plantation,  are  severely  altered  in  the  near  surface  regions  duo  to 
the  ion  bombardment  process.  In  figure  2  is  presented  bright  field 
and  dark  field  micrographs  obtained  from  Cr  implanted  52100,  which 
shows  radiation  damage  in  the  metal  matrix  and  amor ph izat ion  of  the 
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{surface  layer  of  the  carbides  which  penetrate  the  ‘surface  of  the  steel 
The  bright  field  image  shows  the  mottled  structure  of  the  glassy 
region  and  a  diffusion  "intermixed"  interfacial  zone.  In  the  dark 
field  the  underlying  crystallinity  of  the  inner  region  of  the  carbide 
is  apparent:.  The  diffraction  pattern  front  the  glass  region  is  a 
double  halo  typical  of  a  non-crystalline  pha.se. 

Polarization  Kxper iments  in  0.01  H  NaCl  buffered  to  pH 6 

The  results  of  the  polarization  studies  in  0.01  M  NaCl  solution 
are  summarized  in  figure  3  and  table  3.  These  studies  revealed  that 
the  pitting  resistance  of  52100  was  significantly  improved  by  each  of 
the.  ion  implantation  treatments.  The  unimp] anted  steel  exhibited  pit¬ 
ting  very  close  to  the  open  circuit  potential  (OCP) .  Each  of  the 
surface  alloys  exhibited  self-passivation  and  thus  remained  highly 
reflective  and  unblemished  until  the  onset  of  pitting.  Ion  implant¬ 
ation  resulted  in  the  following  increases  in  the  breakdown  potential 
(Eb)  of  MSI  52100  steel:  -  Cr,  600  mV,  Cr  +  P,  650  mV  and  Ta ,  SSO  mV. 
These  improvements  in  pitting  resistance  were  also  reflected  in  simu¬ 
lated  field  tests  carried  out  at  the  Naval  Research  Laboratories  (8) . 

Table  3 

Summary  of  Polarization  Data  obtained  for  AIS1  52100 
in  de a e r ated  0 . 0 1  K  Na C I  ( ph6  buff ered)  s o 1 u t i on* 


Sample 

OCP  (mV) 

(mV) 

Pass.  C.I). 

52100 

-  675 

-  650 

23 

Cr- >-52100 

-  664 

-  50 

12 

Cr  -1  P->-52100 

-  642 

0 

30 

Ta  >-52100 

-  474 

+  230 

20 

*  All  potentials  measure  v.r.t.  S  C  K 

Passive  1' i lm  Analysis 

RHKEI)  analysis  was  performed  on  passive  films  formed  during  a  10 
minute  polarization  at.  -300  mV  in  deaerated  0.01  M  NaCl  (buffered  to 
pHG)  solution  during  which  time  no  pitting  was  observed.  The  three 
implantation  treatments  resulted  in  the  formation  of  amorphous  passive 
films.  Figure  4  shows  the  electron  diffraction  patterns  obtained  from 
two  of  these  passive  films.  Faint  halos  were  observed  in  the  electron 
microscope  which  are  indicative  of  the  amorphous  state.  These  halos 
v/ere  not  reproduced  clearly  in  the  diffraction  micrographs  due  to  poor 
contrast  conditions. 

Non-destructive  variable  angle  XPS  analysis  was  carried  out  on 
each  of  the  passive  films,  to  determine  the  nature  of  the  cations  and 


139 


anions.  Low  photoelectron  take-off  angles  (measured  from  the  plane  of 
the  sample^  of  20  enhanced  the  spectra  from  the  outer  layers  of  the 
films.  50  enhanced  the  layers  at  the  metal-film  interface.  The  re¬ 
sulting  spectra  are  presented  in  figure  5.  A  destructive  depth  pro¬ 
file  analysis  was  performed  on  each  of  the  passive  films  using  AES. 

The  profiles  are  presented  in  figure  6. 

XPS  analysis  of  the  passive  films  formed  on  the  Cr  and  Cr  +  P 
implanted  steel  showed  som^  distinct  differences.  The  Cr  in  each  film 
was  found  to  be  in  the  CrJ  state,  with  charge  shifting  occurring  in 
the  film  formed  on  the  Cr  +  P  surface  alloy.  Fe^+  and  Fe^*  cations 
were  observed  in  the  passive  film  formed  on  the  Cr  implanted  steel. 
Only  Fe^+  ions  were  found  in  the  passive  film  formed  on  the  Cr  + 
surface  alloy.  The  ratios  of  the  areas  of  the  2pJ'^  spectra  of  Cr 
to  that  of  Fe2  +  Fe^+  was  1.9  for  the  single  Cr  implant  and  3.2  for 
the  Cr  +  P+surface  alloy.  Hence,  P  implantation  led  to  the  enrichment 
of  the  CrJ"f’  content  of  the  passive  film  by  approximately  50%.  The 
ratio  of  the  areas  of  the  01s  spectra  for  OH  to  0  was  1.1  for  the  Cr 
implant  and  1.6  for  the  Cr  +  P  surface  alloy.  Hence,  P-implantation 
promoted  the  formation  of  a  highly  hydrated  Cr  rich  passive.  The 
passive  films  formed  on  the  Cr  and  Cr  +  P  surface  alloys  were  found  to 
be  approximately  1.0  and  0.8  nm  respectively.  Both  films  were  found 
to  contain  incorporated  Cl  ions. 

The  main  function  of  P  appears  to  be  the  enrichment  of  Cr  in  the 
passive  film  possibly  by  the  selective  dissolution  of  soluble  iron 
phosphates  during  the  active  stage  of  passivation.  A  similar  behavior 
has  been  described  by  Hashimoto  et  al  for  P-bearing  amorphous  Fe-Cr 
alloys  (9).  The  consequence  of  enriching  the  passive  film  with  Cr  is 
to  increase  the  OH  content,  which  probably  improves  the  ability  of 
the  film  to  repair  local  flaws  (10).  Hence,  a  greater  resistance  to 
Cl  ion  attack  is  achieved. 

The  Ta  surface  alloy  was  found  to  be  the  most  pitting  resistant 
of  the  three  surface  alloys.  The  passive  film  was  found  to  be_approx- 
imately  1.5  nm  and  was  highly  enriched  in  Ta^+  cations.  No  Cl  ions 
were  found  on  the  surface  or  bulk  of  the  passive  films.  From  the  01s 
spectra  it  was  found  that  the  outer  layer  of  the  film  was  rich  in  OH 
anions  which  contrasted  to  the  0  -rich  inner  region.  The  film  was 
therefore  assumed  to  be  an  amorphous  form  of  hydrated  Ta20^,  contain¬ 
ing  a  small  concentration  of  Fe^+  at  the  metal-film  interface.  Hence, 
the  passive  film  formed  on  the  surface  alloy  closely  resembles  the 
amorphous  T^O^  passive  film  found  on  pure  Ta  (11)  which  provides  ex¬ 
cellent  resistance  to  pitting  due  to  Cl  ions. 


The  Effect  of  Surface  Carbides  on  Pitting  Resistance 


It  is  also  apparent  from  the  passive  film  depth  profiles  of  fig¬ 
ure  6,  that  some  evidence  of  a  low  concentration  of  carbides  is  seen 
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in  the  metal  matrix.  Most  of  these  carbides  are  the  result  of  surface 
carburization  resulting  from  the  ion  implantation  process.  A  small 
contribution  to  the  C  KLL  Auger  line  would  come  from  the  incipient 
carbides  produced  in  the  steel  during  tempering  (12). 

In  previous  work  we  have  shown  that  carbonacious  contamination  in 
the  vacuum  of  the  ion  accelerator  can  deposit  on  the  substrate  surface 
during  ion  implantation,  leading  to  surface  carburization  and  that 
carburization  can  significantly  lower  the  pitting  behavior  of  Cr  im¬ 
planted  and  Cr  Ion  beam  mixed  Fe  and  AISI  52100  steel  (12,13).  This 
is  due  to  disruptions  in  the  passive  film  by  formation  of  carbides. 
These  carbides  which  may  extend  2-5  nm  below  the  surface,  limiting  the 
maximum  effect  Cr  implantation  has  on  pitting  resistance.  However, 
the  carbides  are  not  as  deleterious  as  would  be  expected  from  the  in¬ 
fluence  of  incipient  carbides  present  in  steels.  In  steels,  the  inter¬ 
face  between  the  carbide  and  metal  matrix  is  a  preferential  site  for 
localized  corrosion.  Figure  2  demonstrates  the  effectiveness  of  Cr 
implantation  on  randomizing  the  carbide  surface  structure  and  causing 
atomic  mixing  at  the  particle-matrix  interface.  In  addition  to  modi¬ 
fying  the  structure  of  the  surface  of  the  carbides  the  implantation 
process  inevitably  dopes  the  carbide  with  a  high  concentration  of  Cr. 
Thus,  it  would  be  expected  that  galvanic  potential  differences  across 
the  originally  discrete  metal-carbide  interface  would  be  reduced  both 
by  doping  and  atomic  mixing,  which  tends  to  promote  the  formation  of 
an  interfacial  zone.  Thus,  a  Cr-rich  passive  film  is  expected  to  form 
extending  across  the  metal  matrix  and  carbide  surface.  The  non-crys¬ 
talline  nature  of  the  passive  film  indicated  by  RHEED  undoubtedly  re¬ 
fers  to  that  formed  on  the  metal  surface  since  RHEED  probably  would 
not  detect  the  film  formed  on  the  carbide  surfaces.  However,  the  non¬ 
crystalline  nature  of  the  carbide  surface  found  by  TEM  would  suggest 
that  an  amorphous  Cr-rich  film  probably  forms  on  the  carbide  surface. 
Hence,  it  is  conceivable  that  a  relatively  homogeneous  non-crystalline 
film  is  produced  on  the  steel.  A  similar  effect  would  also  be  expec¬ 
ted  of  Ta  implantation.  Furthermore,  the  apparently  beneficial  effect 
of  ion  bombardment  on  surface  carbides  indicated  by  the  TEM  analysis 
would  explain  why  surface  carburization  due  to  ion  implantation  is 
not  as  deleterious  to  the  corrosion  properties  as  would  be  predicted 
from  Che  behavior  of  conventional  alloys. 


Conclusions 


1.  The  pitting  resistance  of  AISI  52100  steel  in  0.01  M  NaCl  solution 
has  been  significantly  improved  following  ion  implantation  with 
Cr,  Cr  +  P  and  Ta. 

2.  The  improvements  in  pitting  resistance  followed  the  trend: 

Ta>Cr  +  P>Cr . 

3.  Cr  +  P  and  Ta  implantation  resulted  in  the  formation  of  non-crys- 

tnllino  surfaci'  alloy.;, 
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4,  Tlif  improvements  in  pitting  rcsis!  lirtv<-  been  related  to  mod  i  -- 

float  ions  in  the  compos.it  ion  and  structure:  of: 

n)  both  scToml  phase'  particles  a::!  the  i  i-.-t  a’  matrix 
b)  the  passive  film  formed  on  .MS!  I  (JO . 

5,  The  near  surface  :;Li  inturr  o'  carhi'.h-  part  irles  was  rendered 
amorphous  by  ladiat  ion  induced  dir. 'Oder.  Probably  ion  hi'ar.:  i  a  i  i  1 1 ; ; 
of  the-  car b ide  mat r i x  and  dopin'1,  of  t  ho  cni  hides  cont  i  Hinted 

to  the  1  ower  i  up,  of  galvanic  potent"  !  d  i  1  f  ei nniees  lict  i.ve.i 
carbide  pail  icles  and  the  metal  matrix. 


C. 

K 


8. 


Ta  implant  at  ion  resulted  in  the  fo:  s,  inn  ()f 

sisting  mainly  of  airoi  phous  hydr  at  ;  1  Ta  0 

7  ’ 

The  Cr  impl. anted  stool  produced  an  amorphou 
hydrated  on  Ldes  of  Cr  and  l’e. 


•*  )>ai;s  i  ve  f  i  I  hi  i  »a- 


a  film  consisting  of 


Further  rhupl  an  tat  ion  with  P  at:  it  f  Jinnee  of  b  x  10  ’  ions  c  :u. 
increased  the  Cr  concentration  in  the  passive  fiJa  by  approximately 
SO/'  and  tended  to  support  the  for:  at  ion  of  an  M— OH  type  film,  re¬ 
sulting  in  greater  resistance  to  Cl  ion  attack  and  eventual  pit  - 
t.i  up. . 
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Fig.  la. 
Fig.  lb. 
Fig.  lc. 


Auger  depth  profile  of  Cr  implanted 

(2  x  1017  ions  cm  2)  52100 

Auger  depth  profile  of  Cr-P  implanted 

(2  x  1017  Cr;  5  x  1016  P  ions  cm-2)  52100 

Auger  depth  profile  of  Ta  implanted 

(1  x  1017)  52100 
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Fig.  2.  TEM  bright,  dark  field  image  and  J if f ru  •  t ion 
pattern  of  amorphous  carbide  phase  f.-und  in 
Cr  implanted  52100  passivated  at  -  30 On 7 
(vs.  SCE)  for  10  min.  in  0.01  M  h'aCL  buf feted 
pH=6 . 0 


Fig.  3.  Anodic  polarization  curves  for  AISI  52100 
steel  and  AISI  52100  steel  implanted  with 
Cr,  Cr  +  P  and  Ta  in  0.01M  NaCl  pH6  buffer 
solution 


RHEEO 


To  — 52100  Cr— 52100 


Fig.  4.  RHEED  pattern  of  Cr  and  Ta  implanted  52100 
steel  passivated  at  -300mV  (vs.  SCE)  for 
10  min.  in  0.01M  NaCl  buffered  pH=6.0 


Cr-P  -*52100 


0  i  N  Di  N  0  E  *<  S  R  G  <  r . 


5b 


Fig.  5a.  The  0  Is  spectra  ir.oas- 
ured  for  Cr,  Cr-P  and 
Ta  implanted  52100  pas¬ 
sivated  at  -30G;nV  (vs. 
SCE)  for  10  min.  in 
0.01M  NaCl  buffered 
pH=6 . 0 


Fig.  5b.  The  P  2p  spectra  meas¬ 
ured  for  Cr-P  implanted 
52100  passivated  at 
-300uV  (vs.  SCE)  for  1C 
min.  in  0.01M  MCI  hui  - 
fered  pH -6.0 


BtNOING  ENERGY  ItV) 


ured  for  Cr,  Cr-P  and  Ta 
implanted  52100  passivated 
at  -300mV  (vs.  SCF.)  for 
10  min.  in  0.01M  NaCl 
buffered  pH-6,0 


6c 

Fig,  6,  Auger  depth  profiles  of  passive  films  formed  on  ion 
implanted  52100  steel  passivated  at  -300raV  (vs.  SCE) 
for  10  min.  in  O.OUi  NaCl  buffered  pH=6.0 
a)  Cr-*52100;  b)  Cr  +  P-+52100;  c)  Ta+52100 
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Ion  Implanting  Bearing  Surfaces 
for  Corrosion  Resistance 

A  program  is  currently  underway  to  use  ion  implantation  to  improve  the 
tribological  and  corrosion  characteristics  of  load  bearing  surfaces  in  both  rolling 
element  bearings  and  gears  used  in  aircraft  propulsion  systems  This  paper  describes 
that  aspect  of  the  program  concerned  with  the  use  of  ion  implantation  for  surface 
alloying  of  bearing  components  in  order  to  alleviate  the  problem  of  corrosion  in 
costly  MSO  steel  mainshaft  aircraft  engine  bearings  Results  to  data  indicate  that 
implantation  of  selected  ion  species  can  significantly  improve  resistance  to  both 
generalized  and  localized  ( pitting j  corrosion  without  adversely  affecting  bearing 
performance  or  fatigue  endurance  life. 


Introduction 

Ion  implantation  as  a  means  of  alloying  the  load  bearing 
surfaces  of  gears  and  rolling  element  bearings  used  in  Navy 
and  aircraft  propulsion  systems,  has  the  potential  for  solving 
costly  problems  relating  to  corrosion  and  premature  surface 
failures 

Ion  implantation  is  a  process  by  which  virtually  any  element 
can  be  injected  into  the  near-surface  region  of  any  solid  by 
means  of  a  beam  of  high-velocity  ions  (usually  tens  to  hun¬ 
dreds  of  keV  in  energy)  striking  a  target  mounted  in  a  vacuum 
chamber  The  bombarding  ions  lose  energy  in  collisions  with 
substrate  atoms  and  come  to  a  stop  at  depths  of  tens  to 
thousands  of  angstroms  in  the  host  material.  The  major 
advantages  of  ion  implantation  over  coatings  and  other 
methods  of  surface  treatments  are: 

la)  No  change  in  dimensions  or  surface  character  which 
allows  the  implantation  of  existing  bearings  without  further 
processing. 

lb l  None  of  the  interface  bonding  problems  associated  with 
coatings. 

(ci  Material  bulk  p  rues  remain  the  same. 

id)  Choice  of  alloying  element  is  not  limited  by  solid 
volubility  or  diffusion  parameters 

Accordingly,  ion  implantation  offers  an  attractive  method 
of  achieving  corrosion  resistance  and  improved  tribological 
characteristics  Consequently  the  Naval  Air  Propulsion 
Center  (NAPC)  has  established  and  is  managing  a  program  to 
investigate  the  use  of  ion  implantation  for. 

(a)  Producing  corrosion  resistance  alloys  on  M50  steel 
bearing  surfaces. 

lb)  Improving  the  tribological  characteristics  (wear, 
scoring,  etc  )  of  bearing  and  gear  surfaces. 

The  major  effort  to  date  and  the  work  described  herein  is 
related  to  the  first  item  listed.  This  is  motivated  by  the  fact 
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that  a  major  cause  of  bearing  rejection  at  Nav  al  Air  Rework 
Facilities  (NARF’s)  is  corrosion  pitting  (1)  The  estimated 
yearly  cost  for  replacement  of  the  expensive  mainshaft 
bearings  made  of  M50  steel  is  several  million  dollars  for  both 
the  Navy  and  Air  Force. 

The  program  was  designed  to: 

(a)  Determine  optimum  implantation  parameters  (ion 
energy,  species  and  fluence)  most  effective  of  inhibiting 
corrosion  in  hardened  M50  bearing  steel  using  several  types  of 
corrosion  tests  as  a  measure  of  success, 

(5)  Develop  the  methods  of  implanting  all  load  bearing 
surfaces  of  both  ball  and  roller  bearings  for  subsequent 
testing, 

(c)  Conduct  full  scale  bench  tests  to  insure  that  no 
deterioration  in  bearing  performance  or  endurance  life  occurs 
as  a  result  or  implantation. 

Id)  Determine  the  effectiveness  of  implantation  in 
inhibiting  corrosion  of  full  scale  bearings  in  service,  in  the 
long  term  storage,  and  in  a  test  cell  engine  evaluation. 

The  Navel  Research  Laboratory  is  responsible  for  items  (a) 
and  (6).  The  NAPC  and  the  Naval  Air  Rework  Facility  in 
North  Island  share  responsibilities  for  items  (c)  and  Id) 
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Fig.  2  Schematic  diagram  of  meearch-type  ion  Implantation  ayatem 

The  Implantation  Process 

ton  implantation  is  not  a  coating  technique.  Implantation 
consists  of  forcibly  injecting  selected  elemental  ion  species 
beneath  the  surface  of  materials  by  means  of  high-energy  ion 
beam  from  an  accelerator  (usually  at  tens  to  hundreds  of 
kilovolts).  This  injection  process  produces  an  intimate  alloy 
of  the  implanted  and  host  elements  without  producing  a  sharp 
interface  characteristic  of  most  coatings  and  hence  avoids  the 
related  adhesion  problems.  The  resultant  depth  distribution 
and  alloy  composition  depend  on  the  energy  and  atomic 
number  of  the  projectile  as  well  as  on  the  atomic  number  of 
the  host.  Typically,  depths  of  0.01  to  1.0  micrometers  are 
achievable  with  concentrations  of  up  to  50  atomic  percent.  It 
should  be  stressed  that  ion  implantation  is  not  a  ther¬ 
modynamical  equilibrium  process  and  that  metastable  alloys 
can  be  formed  without  regard  for  the  conventional  con¬ 
siderations  of  solid  solubility  and  diffusivity;  since  any 
elemental  species  can  be  implanted  into  any  other  material. 
Heating  of  the  implanted  alloy  to  sufficiently  high  tem¬ 
peratures  will,  of  course,  ensure  equilibrium  conditions,  but 
several  durable  metastable  (or  amorphous)  phases  with 
potentially  interesting  physical  properties  have  been  formed 
by  implantation.  Figure  I  summarizes  many  of  these  factors 
pertaining  to  ion  implantation  for  materials  modification. 
The  ability  to  control  and  reproduce  the  ion  beam  parameters 
listed  in  Fig.  1  is  especially  important  to  its  large  scale 
commercial  usage  for  implanting  (doping)  semiconductor 
wafers  with  high  reproducibility  (typically  less  than  3  percent 
dose  difference  on  different  wafers  or  between  different 
points  on  a  single  wafer). 

Figure  2  shows  a  schematic  diagram  of  a  typical  research- 
type  ion  implantation  system.  As  depicted,  atoms  are  ionzied 
in  an  ion  source,  accelerated  to  the  desired  energy,  analyzed 
according  to  mass  by  a  magnet  to  select  the  desired  species, 
and  then  electrostatically  raster  scanned  over  the  target  to 
ensure  dose  uniformity  of  the  implantation.  The  implanted 
dose  (in  terms  of  impurity  atoms  per  unit  volume)  is  obtained 
from  the  ion  beam  charge,  the  implanted  target  area,  and  the 
implanted  species  depth  distribution. 

Ion  Species  Selected  for  Evaluation 

M50  (AMS  6491)  is  an  alloy  tool  steel  used  extensively  in 
mainshaft  aircraft  engines  because  of  its  excellent  hot  hard¬ 
ness  characteristics,  wear  resistance  and  good  contact  fatigue 
life.  However,  its  corrosion  resistance  is  poor.  Its  elemental 
composition  is  shown  in  Table  I.  Ion  species  and  com¬ 
binations  of  species  which  were  considered  as  good  candidates 
for  imparting  corrosion  resistance  to  M50  steel  include  Cr, 
Cr  +  Mo,  Cr  +  Mo  +  N,  Cr  +  P,  Cr  +  B,  Al,  Ti,  and  Mo.  The 
ion  energies  used  ranged  belween  12.5  and  150  KeV  with 
fluences  between  1.0  x  lO'Vcm2  and  4  x  10'Vcm2.  The 
fluences  used  for  Cr,  Ti,  and  Al  were  sufficient  to  produce  a 
15  to  30  atomic  percent  concentration  of  the  implanted 
elements  in  a  region  from  the  surface  to  a  depth  of  about  80 
nm  The  choice  of  ions  was  determined  by  the  well  known 
corrosion  behavior  of  the  ions  in  bulk  materials,  i.e., 
chromium  produces  stainless  steel  when  added  to  iron  based 
alloys  in  concentrations  greater  than  12  percent  (2],  Mo  is 
known  to  improve  pitting  resistance  in  steels  |3|,  Ti  and  Al 


Elemental  composition  of  MS0  tool  steel 

(Vo  by  Wt.) 


Carbon 
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Phosphorous 

Sulfur 

Chromium 

V  anadium 

Iron 

Molybdenum 
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4. JO 


1.  T««t  pigcit  (both  If 90  •Her  •**•*)  i 
it  Ml cam*  by  fotM  Mm. 


o**  lor  2  hr»„  roiwowodL.  I 
S.  A  mortfoevt  of  conttn 


»  limMfNd  in  cMortOo-contoniinotM 
I  to  dry 


■oo  rotoMd  botvoon  tbt 


URRER  CYLINDER  <o*d  *ww| 

OCONT AMINATEO  OIL 

-  FLAT  SURFACE 

Fig.  3  Laboratory -olmulotod  f told  *#rvtc#  tost  of  corrosion  of  boating* 


Fig.  4  Optical  photographs  of  the  flat  surfaces  of  MS0  test  samples 
after  a  simulated  field  service  test.  The  two  unimplanted  samptes  al  the 
top  show  pitting  under  the  line  of  contact.  The  two  CR  +  Mo  ♦  N  im 
planted  samples  at  the  bottom  show  complete  immunity 
(Magnification  I0x) 


form  stable  corrosion  resistant  oxides  [2],  P  and  B  stabilize  an 
amorphous  phase  when  alloys  with  ion  (4),  and  N  has  been 
shown  to  improve  pitting  resistance  of  steel  (5|. 

Corrosion  Experiments 

Several  types  of  corrpsion  tests  were  used  to  ascertain  the 
degree  of  improvement  in  corrosion  resistance  occurring  as  a 
result  of  ion  implantation.  To  conduct  ihese  corrosion  tests  in 
actual  bearings  would  have  been  expensive  and  time  con¬ 
suming.  Therefore,  tests  are  conducted  on  small  N150  har¬ 
dened  specimens  on  an  area  of  about  1  cm;, 
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Two  types  of  tests  were  performed.  The  first  were 
qualitative  field  service  simulation  tests.  Those  ions  which 
looked  promising  in  simulation  tests  were  further  studied  by 
electrochemical  polarization  and  pitting  tests.  These  are 
described  below. 

Simulation  Tests.  The  tests  used  herein  for  simulating  the 
corrosion  mechanism  which  occurs  in  gas  turbine  engines  was 
based  in  the  findings  of  the  test  method  developed  by  Brown 
and  Feinberg  |6).  They  found  that  in  a  gas  turbine  engine 
bearing  compartment;  (a)  corrosion  usually  occurred 
statically  (i.e.,  bearing  not  running)  at  the  conjunction  of  the 
bearing  rolling  element  and  the  race,  ( b )  the  lubricant  in  the 
form  of  a  miniscus  was  present  at  the  corrosion  site  and  (c)  the 
lubricant  showed  typical  contamination  levels  of  3  ppm  (wt) 
of  chloride  and  600  ppm  of  water. 

Figure  3  shows  the  arrangement  of  the  simulated  geometry 
corrosion  test.  The  cylindrical  surface  resting  on  the  flat  side 
of  the  upright  cylinder  is  intended  to  simulate  the  roller  on 
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Fig.  5  PotentloAlnetlc  anodic  polarisation  data  produced  In 
hydrogen-eaturatad  IN  M  2S04  tat  MM  a  tool,  and  lor  MM  Stool  Im. 
planted  with  titanium  chromium,  molybdenum  and  chromium  * 
molybdenum 


race  contact  geometry  of  an  actual  bearing.  The  cylinders  are 
0.0093M  (3/8  in.)  diameter  M50  rods.  The  flats  (about 
0.006M  tail)  are  cut  from  the  rod  and  consecutively  polished 
down  to  a  mirror  finish  with  a  final  (3  pm)  diamond  paste. 
The  cylinders  were  positioned  in  place  and  totally  immersed 
for  2  hours  m  a  contaminated  neopentyl  polyolester  gas 
turbine  engine  lubricant  conforming  to  specification  M1L-L- 
23699.  The  oil  was  contaminated  by  adding  three  ppm  (wt)  of 
chlorides  as  ASTM  DD665  synthetic  seawater  to  oil  and  then 
adjusting  the  water  content  to  a  level  of  600  ppm  (wt)  by  the 
addition  of  distilled  water.  The  two  parts  were  then  removed 
from  the  oil  and  allowed  to  drip  dry.  A  miniscus  of  con¬ 
taminated  oil  was  retained  between  the  two  parts  as  shown  in 
Fig.  3.  This  system  was  then  exposed  to  alternate  cycles  of 
moist  air  at  60*C  (8  hours)  and  4*C  (16  hours)  for  a  period  of 
several  weeks. 

The  lest  shown  in  Fig.  3  was  done  for  several  implanted 
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Fig.  t  Potontlo-klnetlc  anodic  polarization  data  produced  In  buffer 
solution  ot  pH*  containing  0.1  M  NaCI  tor  MM  atael.  and  tor  MM  a  teal 
Implanted  with  titanium,  chromium  molybdenum  and  chromium  ♦ 
molybdenum 


Table  2  M50  corrosion  test  results  (qualitative  ranking) 


Sim. 

inh:so4 

0. IM  NaCI 
(caih  ) 

0.0IM  NaCI 
(nocath.) 

0.01  M  NaCI 
(cath.) 

Cr*P 

Cr  +  Mo 

Cr  ♦  Mo 

Cr  ♦  P 

Cr 

Cr 

Cr 

Cr 

Cr 

Cr  *  P 

Cr  +  Mo  ♦  N 

Mo 

Mo 

Cr  ♦  Mo 

M50 

Ti 

Tt 

Ti 

M50 

Cr  *  Mo  *  N 

Cr  *  Mo 

M50 

M50 

Cr  *  Mo*  N 

Cr  ♦  Mo 

M50 

implantation  Parameters 
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ions  and  several  lime  periods.  Figure  4  shows  optical 
photographs  (10  x  magnification)  of  the  corrosion  inhibiting 
effectiveness  of  an  implantation  of  Cr  +  Mo  +  N  after  a  7 
week  test  (two  samples  at  bottom)  as  compared  to  an 
unimplanted  control  specimens  (two  samples  at  top).  The 
control  specimens  show  severe  corrosion.  The  attack  generally 
occurs  in  two  areas;  e  g.,  a  line  of  pits  beneath  the  line  of 
contact  between  the  cylindrical  and  flat  surfaces,  and  general 
corrosion  in  the  thin  layer  of  oil  outside  this  region.  A 
qualitative  ordering  of  the  improvement  in  corrosion 
resistance  found  in  this  simulated  field  test  produced  by 
implanting  ions  or  combinations  of  ions  from  best  to  worst  is: 
Cr  +  P,  Cr  +  Mo  +  N.  Cr,  Ti.  Cr  +  Mo,  Al,  M50. 

Electrochemical  Tests.  Two  independent  electrochemical 
characterizations  were  done  to  study  two  types  of  corrosion 
behavior.  Passivity  tests  in  strong  acids  provide  insight  into 
general  corrosion  (rusting)  behavior  and  pitting  tests  in 
chloride  ion  solutions  give  a  measure  of  the  resistance  to 
localized  corrosion  (pitting). 

The  acid  tests  were  done  in  1  Normal  H2So+  at  room 
temperature.  Figure  $  shows  potentiodynamic  polarization 
scans  (1  mV/S)  for  unimplanted  M50  and  for  Cr,  Mo.  Ti,  and 
Cr  Mo  implants  |7).  Notice  that  all  imp’ant  samples  show  a 
reduction  in  the  maximum  current  density  when  compared  to 
the  base  line  M50  curve.  Lowering  of  the  maximum  current 
density  indicates  that  the  surface  is  more  easily  passivated  and 
that  improved  corrosion  resistance  may  be  expected.  These 
tests  establish  a  qualitative  ordering  of  the  improvements  to 
be  expected  in  general  corrosion  behavior  which  is,  from  best 
to  worst.  Cr  +  Mo.  Cr.  Mo,  Ti,  unimplanted  M50. 

The  chloride  ion  tests  were  in  a  pH6,  0.01,  or  0.1  Molar 
NaCI.  buffered  solution.  The  buffer  ensured  that  the  pH  was 
constant  throughout  the  measurements.  Figure  6  presents 
potentiodynamic  polarization  scans  (I  mV/S)  for  the  0.1M 
NaCI  solution  for  several  implants.  The  sailent  characteristic 
of  each  curve  is  the  breakdown  potential,  Et,,  which 
characterizes  the  metals  ability  to  withstand  pitting  attack 
(i.e.,  higher  E„  indicates  better  protection).  The  breakdown 
potential  is  that  voltage  on  the  curve  where  there  is  a  sudden 
increase  in  current  density.  The  qualitative  order  of  ef¬ 
fectiveness  is  from  best  to  worst,  Cr  +  Mo,  Cr  +  P,  Cr,  Mo, 
Ti.  The  pitting  data  in  a  0.01M  NaCI  solution  for  several 
implant  species  was  performed  with  two  different  pretreai- 
ments.  In  one  case,  the  sample  was  polarized  positively  im¬ 


mediately  upon  immersion  into  the  solution  so  that  the  air 
formed  film  was  being  tested  for  pitting.  In  the  other  case,  the 
air  formed  film  was  removed  by  polarizing  in  the  negative 
direction  (H.  charging)  for  15  min,  then  scanned  positively 
allowing  a  new  passive  Him  to  form.  The  latter  was  the 
pretreatment  for  the  O.IM  data  as  well.  The  former  is  more 
realistic  since  an  air  lormed  film  would  be  expected  to  exist  on 
actual  bearings.  These  test  results,  for  a  number  of  tests 
similar  to  those  shown  in  Fig.  6.  are  summarized  in  columns  4 
and  S  in  Table  2  and  are  discussed  below 

Qualitative  rankings  for  the  data  from  the  five  different 
tests.  (I)  simulation  tests,  (2)  1-normal  HjSO,  test  (3,  4)  the 
0. 1 M  and  0.01  M  NaCI  pitting  test  with  cathodic  charging,  and 
(5)  the  0.0)  M  pitting  test  on  air  formed  films,  are  compared  in 
Table  2.  Cr  and  Cr  +  Mo  are  found  effective  in  all  tests. 
Chromium  implants  show  good  performance  in  all  tests  while 
Cr  +  Mo  perform  best  in  two  tests.  Cr  +  P  performed  best  in 
the  simulation  tests  and  the  0.01  NaCI  test.  Therefore,  Cr, 
Cr  +  Mo  and  Cr  +  P  were  selected  for  further  examination  in 
full  scale  rolling  element  bearings. 

Implantation  of  Bearings 

Bearings  selected  for  implantation  are  listed  in  Table  3 
along  with  pertinent  information  on  bearing  size  where  ap¬ 
plicable,  and  function  in  the  overall  program.  Table  3  also 
identifies  the  bearings  that  have  been  implanted  to  data. 

There  are  a  number  of  practical  problems  to  be  considered 
for  the  successful  implantation  of  the  bearings.  Obviously,  all 
contacting  surfaces  must  be  implanted  to  protect  against  the 
formation  of  corrosion  pits  which  can  act  as  initiation  sites 
for  fatigue  spalling.  This  entails  implanting  the  active  surfaces 
of  the  bearings  (i.e.,  the  inner  race  outer  race  and  the  total 
area  of  the  rollers  and  the  balls).  In  order  to  implant  the 
bearings  in  a  reasonable  period  of  time,  very  high  ion  beam 
currents  were  developed  and  used.  For  Cr  a  typical  beam 
current  is  500  pA  at  150  keV.  This  represents  75  watts  of 
incident  power  which  must  be  dissipated  or  the  bearing  will 
overheat,  causing  loss  of  hardness.  Fortunately,  M50  holds  its 
hardness  well  in  that  is  has  been  established  that  no  loss  of 
hardness  occurs  at  temperatures  of  800'F  for  1000  hours  |8). 
This  enables  the  heat  dissipation  to  be  handled  in  some  cases 
by  radiation  losses  alone. 

During  implantation,  all  the  races  were  clamped  tightly  to  a 
solid  aluminum  or  brass  plate  and  rotated  at  1.5  rpm. 


TableS  Bearings  (elected  for  implantation 


Application 

Type’ 

O  D 

Bearing  Size  *  mm 

Bore  Rolling  Element  Size 

No.  Brgs. 
Implanted 

Ions 

Function  in  Program 

379  Gas  Turbine 

Engine  Thrust 

Bearing 

B 

225 

130 

22.22  (Ball) 

1 

Cr  +  Mo 

Performance  and  Field 
Evaluation 

T58  Turboshaft 

Engine  *  No.  4 

Bearing 

R 

68 

40 

7  long  x  7  dia 

2 

Cr+  Mo 

Performance  and  Field 
Evaluation 

Modified 

T$9  Bearing 

R 

68 

40 

7  long  x  7  dia 

10 

11 

Cr  +  P 

Cr 

Fatigue  Endurance 
Testing 

T63  Gas  Turbine 
Er.gtne  Bearing 

No.  3 

No  6 

B 

R 

55 

42 

30 

25 

1 6  <  Ball) 

5  long  x  6  dia 

2 

t 

Cr  +  P 

T63  Engine  Evaluation 
in  a  Test  Cell  with 
Contaminated  Oil 

Various  Engine 
Gearbox  Bearing 

*B  =  Boiler  Bearing 

BAR 

Various  Sizes 

0 

Long  Term 

Storage  Tests 

R  *  Roller 
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Tabic  4  Normal  a  ad  maximum  temperatures  reached  by 
bearing  compoaeali  daring  implantation 


Temperature  <*F) 


Component 

T  Normal 

T  Mu 

J?9  Inner  race 

400 

500 

J79  Ouier  race 

400 

500 

J79  Ball 

450 

500 

T58  Inner  race 

400 

550 

T58  Outer  race 

500 

640 

T58  Roller 

390 

650 

Fig.  7  Photographs  ol  Implantation  Jig  uaod  to  Implant  It  T-58  bearing 
roller  enda.  Stainless  steel  frame  is  turned  over  to  Implant  opposite 
ends  of  rollers.  The  aluminum  base  is  water  cooled. 


Typically  60  revolutions  are  required  to  finish  one  race.  In  this 
manner,  heat  was  transferred  to  the  plate  and  both  the  plate 
and  race  then  radiated  the  heat  away. 

For  the  races  the  beam  was  scanned  vertically  but  not 
horizontally  so  that  the  beam  irradiated  the  bearing  races  over 
the  vertical  extent  of  the  race  (1.5  cm  for  T58;  3  cm  for  J79) 
with  a  width  of  about  I  cm.  Table  4  shows  the  maximum 
temperature  of  each  bearing  component  during  implantation. 
The  target  chamber  vacuum  was  typically  less  than  3  x  10 
Torr  during  implantation  and  the  target  chamber  was  always 
vented  to  atmospheric  pressure  with  dry  nitrogen  gas  after  the 
bearing  components  had  cooled  to  at  least  below  550*F. 

The  T58  rollers  were  implanted  on  the  ends  with  the  jig 
shown  in  Fig.  7.  A  stainless  steel  frame  held  down  to  an 
aluminum  block  contains  the  rollers  which  are  held  tightly  in 
place  by  a  stainless  bar  pressed  against  the  roller  array  by  two 
screws.  Beneath  the  rollers  is  a  thin  sheet  of  Mo.  Cooling  is 
accomplished  by  fastening  the  holder  with  three  screws  to  a 
water  cooled  shaft.  Indium  foil  pressed  between  the 
aluminum  block  and  cooled  shaft  promotes  heat  conduction 
from  the  block.  The  materials  of  stainless  steel  and  Mo  were 
chosen  to  minimize  any  possible  deleterious  effects  of 
sputtering  of  the  holder  material  onto  the  bearings.  Brass  and 
aluminum,  which  conduct  heat  much  better  than  stainless, 
unfortunately  sputter  very  efficiently  and  would  therefore 
non-uniformally  coat  the  rollers  with  Cu,  Zu,  and  Al.  Mo  has 
a  low  sputtering  coefficient  and  is  innocuous  in  that  the  small 
amount  of  sputtered  Mo  contamination  on  the  bearings  would 


Fig.  S  Photograph  ol  implantation  jig  uaod  to  implantad  up  to  44  T  S8 
rollirt  at  on*  tlim.  Quarter  inch  copper  tubing  provides  water  cooling 
and  support  for  stainless  steel  bars  that  retain  the  rollers.  Rollers  are 
implanted  in  four  rotations.  90  apart,  for  complete  coverage  of  the 
circumference. 


Fig.  9  Photograph  of  planetary  gear  fixture  used  to  implant  24  J-79 
balls  at  one  time  (expandable  to  48  balls).  Stainless  steel  “golf  tees" 
retain  the  balls  and  each  ball  rotates  through  the  beam  spot  which 
remains  fixed  at  the  dimensions  7/8  in.  tall  by  2  in.  wide.  A  ball  rotates 
18.S  times  for  eech  rotation  of  the  platform. 


be  expected  to  have  a  beneficial  effect  on  corrosion  resistance. 
Impurities  sputtered  onto  the  bearings  from  stainless  steel  are 
chiefly  iron,  chromium  and  nickel  which  are  also  compatible 
with  the  corrosion  prevention  purpose  of  the  implanted  layer. 
The  sputtering  coefficient  for  P  on  these  materials  is  much 
smaller  than  for  Cr  and  thus  was  not  deemed  a  problem. 

Roller  circumferences  were  implanted  in  four  steps  with  the 
jig  shown  in  Fig.  ,8.  Stainless  steel  tubing  supports  stainless 
horizontal  struts  each  of  which  hold  8  rollers.  Water  flowing 
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Table  S  Test  conditions  (or  performance  and  fatigue  endurance  testing  of  implanted 
bearings 


Performance  Tests  Fatigue  Endurance  Tests 

_____ 


J79  Brg. 

T58  Brg. 

Croup  1 

Croup  2 

Croup  3 

Implant 

Cr  +  Mo 

Cr  ♦  Mo 

Cr  +  P 

Cr 

Untreated 

Load 

Radial 

Thrust 

900  lbs. 

6922  lbs. 

1 50  lbs. 

0 

- 

2800  lbs. 

- 

Speed 

7460  rpm 

19,500  rpm. 

- 

7000  rpm 

- 

Oil  in  Temp. 

300' F 

250*F 

- 

2I0'F 

- 

Oil  Flow 

1 .45  gals/mim 

0.35  gals/min 

- 

0.25  gals/min 

- 

Length  of 

Tesi 

400  hours 

400  hours 

- 

Until  Failure 

. 

No.  of 

Bearings 

Tested 

1 

1 

10 

10 

to 

Note:  Lubrication  ■  MIL-L-23699 


Fig.  10  Tha  Increase  In  temperature  ae  e  function  at  time  of  an  MSO 
steel  ball  tram  a  J-Tf  main  shaft  bearing  lor  two  different  values  ol  the 
ton  beam  Input  power.  From  this  data  the  emlsslvlty  ot  the  NSO  ball  le 
determined  to  be  OJS. 

through  (he  tubing  cools  the  struts  which  in  turn  hold  and 
cool  the  rollers.  The  roller  circumferences  are  implanted  in  a 
cubic  geometry  such  that  each  of  four  “sides"  receives  (he 
same  fluence  of  particles.  This  results  in  a  ±  IS  percent 
variation  in  fluence  around  the  circumference  of  the  roller. 
For  Cr  implants,  the  fluence  varies  between  1.5  x  10”  and 
2.1  x  l0”/cm2.  We  have  observed  that  the  corrosion 
inhibition  effects  of  Cr  implants  between  I  x  10”  and  2  x 
10” /cm  fluences  are  equal  by  means  of  the  simulation  test 
mentioned  previously.  Therefore,  (he  ±15  percent  variation 
in  fluence  is  not  expected  to  be  a  problem.  This  observation  is 
also  consistent  with  the  well  known  observation  that  an 
abrupt  improvement  in  the  corrosion  resistance  of  steels 
occurs  at  a  Cr  concentration  of  12  percent,  so  that  if  this 
criteria  is  met  by  the  lowest  fluence  implant,  additional  Cr 
wilt  not  substantially  further  improve  the  corrosion  resistance 
12) 

Figure  9  shows  a  planetary  gear  jig  designed  to  implant  up 
to  48  J79  balls  in  one  operation.  It  is  set  up  for  24  balls  on  a 


0.I9M  diameter  as  shown  in  Fig.  9.  The  balls  are  held  in  place 
by  gravity  in  a  stainless  steel  "golf  tee"  and  each  ball  routes 
18  times  for  each  rotation  of  the  whole  assembly.  The  beam  is 
scanned  horizontally  and  vertially  over  an  area  22  mm  high  by 
SI  mm  so  that  at  any  one  time  slightly  more  than  2  balls  are 
being  irradiated.  The  problem  of  temperature  rise  is  solved  by 
a  12  to  I  duty  cycle  wherein  each  ball  is  irradiated  for  about  3 
seconds  and  allowed  to  cool  (chiefly  by  radiation)  for  about 
37  seconds. 

The  emissivity  of  the  balls  was  determined  by  measuring  the 
heating  curve  of  a  ball  with  a  thermocouple  attached  to  it  in 
vacuum.  Figure  10  presents  the  data  for  two  different  input 
powers  of  an  Ar  ion  beam.  From  the  equation  in  Fig.  10  and 
knowing  the  input  power  and  surface  area  of  the  ball,  an 
emissivity  of  0.2S  is  computed.  From  this  information  an 
equilibrium  temperature  of  390’F  for  a  200  *iA,  150  keV, 
beam  was  computed.  The  measured  value  under  the  suted 
implantation  conditions  of  42S*F  is  in  satisfactory  agreement 
with  the  calculated  value.  During  implantation  the  tem¬ 
perature  of  (he  bearings  was  measured  and  continuously 
monitored  by  means  of  an  infrared  pyrometer  sighted  on  the 
bearing  through  a  quartz  window  in  the  implantation  vacuum 
chamber. 

The  procedure  for  implanting  the  balls  with  Cr  was  to  (i) 
implant  in  a  rotating  cylindrical  geometry  to  a  fluence  of  I  x 
IO”/cm2,  (ii)  rotate  the  balls  90  deg  with  respect  to  the 
vertical  direction  and  implant  again  to  an  additional  fluence 
of  1  x  I0”/cm2.  This  leaves  the  ball  surface  with  two  poles 
containing  2  x  10”  ions/cm2,  two  poles  containing  1  x  10” 
ions/cm2,  and  the  remainder  of  the  surface  with  fluences 
between  these  two  values.  This  factor  of  the  two 
nonuniformity  in  fluence  will  not  be  deleterious  for  the  same 
reasons  as  discussed  for  roller  bearings.  It  is  envisaged  that 
under  production  conditions  TS8  bearings  could  be  implanted 
at  the  rate  of  4  per  hour. 

Performance  and  Endurance  Testing  of  Full  Scale 
Bearings 

One  each  of  the  J79  and  T58  engine  bearings  (first  two 
bearings  listed  in  Table  3),  were  performance  tested  for  400 
hours  at  conditions  simulating  speed,  load,  and  temperatures 
of  actual  operating  engines. 

In  addition,  10  each  of  the  modified  TS8  bearings  (Table  3) 
implanted  with  either  Cr  +  P  or  Cr  were  fatigue  endurance 
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Fig  1 1  Energy  dispersive  X-ray  spectra  ol  M50  steel  rollers  from  a  T  S8 
main  shall  bearing  Top  Cr  ♦  P  implanted  but  not  endurance  tested. 
Middle  Cr  +  P  implanted  and  after  420  hours  of  endurance  testing 
Bottom  Not  implanted  and  not  endurance  tested  The  3  spectra  are 
normalized  to  the  Fe  K  line  for  easy  comparison.  The  Cr  K  line  is 
considerably  larger  in  the  fop  and  middle  spectra  than  in  the  bottom 
spectrum 


tested  \nothei  group  of  10  untreated  hcarim’s.  abo  t.iiiciic 
endurance  u-aed.  prowded  .»  baseline  for  comparison  Ml 
ihuiv  hcannes  were  made  tr«»rn  .i  'ingle  lot  of  \JM»  steel  .ttnl 

Weft-  IllilMUl  .U  *  Ml  l‘cl  .0  till*  SltHO  tllHC  I  )l  tt  ft  ell*  O'  HI  Cll 


I  able  6  Results  of  fatigue  endurance  tests 
(hours  to  failure! 
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durance  life  could  theiclore  be  attributed  onlv  to  the  ms 
plantation  process  since  the  material  and  manutactui  mg 
processes  were  statP-ttcallv  Mimlar  among  i lie  three  groups 

the  conditions  lot  t he  peitorniaiKe  and  the  endurance 
testing  are  given  in  I  able  Note  that  in  the  latigue  endurance 
testing  the  loads  are  much  higher  than  would  be  expected  in 
actual  operation.  1  Ins  is  done  to  acseleiate  :«uigue  spalling  >o 
that  failures  will  be  obtained  in  a  reasonable  period  of  time  on 
a  large  number  ot  bearings.  I  ot  siinplkitv  and  ichabilitv  (be 
machine  rotating  speed  is  usuallv  kept  low  Heatings  in  both 
performance  tests  success! ull>  completed  the  schedule  400 
hour  test  without  failure  and  wete  capable  of  continued 
operation,  fatigue  test  result'  for  the  fatigue  endurance 
beatings  are  shown  in  I  able  b.  All  bearings  experienced  a 
fatigue  spall  at  rbe  endurance  hie  indicated  (in  hours)  except 
where  noted.  I  he  data  tiom  each  group  wete  assumed  to  be 
distributed  as  a  Weibull  I  unction,  which  i-  a  population 
distribution  normallx  toed  to  lit  comact  latigue  data  |^).  f  oi 
each  group  ol  data.  Weibull  distribution  parameters,  which 
are  used  tor  comparison  between  groups,  were  calculated 
using  a  least  squares  regression  anal\Mv  I  lies  are  the  I  in  hie. 

I  50  life,  and  the  Weibull  slope  id)  and  hoed  in  I  able  b  I  heso 
are  defined  as  follows; 

iu)  l  1(1  life  I  he  number  of  hour*  exceeded  b\  90  percent 
of  the  population. 

ih)  I  50  life  1  he  numbei  ol  houis  exceeded  b\  50  percent 
ol  the  population. 

(c)  Weibull  slope  (d)  I  he  slope  ol  the  computed  Weibull 
line.  I  his  parameter  indicates  the  amount  ol  scatter  in  the 
data. 

I'sing  the  method  described  in  reference  |9].  a  statistical 
comparison  was  made  ot  the  I  10  and  1  *0  lives  ot  each  im 
planted  gtoup  against  the  baseline  unimplanted  group  I  he 
results  show  no  significant  difference  m  latigue  lives  among 
anv  of  the  three  groups  I  his  is  evident  bv  the  large  amount  ol 
overlap  in  the  00  peicent  confidence  intervals  around  the  l  10 
and  I  Mi  Weibull  parameters  as  shown  m  1  able b 

I  neigv  dispersive  \  tax  analvsis  was  conducted  to  ascertain 
the  <  t  content  m  the  suilaco  of  one  roller  belore  and  after 
endurance  testing  I  he  tesulis  are  shown  in  the  Vtav  spectra 
o!  I  ig  II  which  iik hides  an  ummplanted  roller  lor  baseline 
comparison  ar  the  bottom,  implanted  and  luiigue  tested  in  the 
middle,  and  as  unplanted  a!  the  top  It  can  be  seen  that  atlei 
i  mining  lot  -Of*  how s.  t  het  e  is  vet  v  In  t  le  depict  nut  ot  (  t  in  t  he 
t  oiler  sin  lac  e 
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Evaluation  of  ion  implanted  MSO  bearings  for  corrosion 
protection  shows  considerable  potential  and  should  continue 
with: 

(a)  In-service  evaluation  of  the  applications  listed  in  Table 
3, 

(*]  Testing  of  a  T63  engine  in  a  test  cell  with  chloride  and 
water  contaminated  oil  with  two  of  the  seven  mainshaft 
engine  bearings  implanted  with  the  Cr  +  P, 

(c)  Storage  testing  of  implanted  bearings, 

(d)  Full  scale  bearing  corrosion  tests  as  described  in 
reference  6.  Ion  implantation,  should  be  considered  for  (1) 
improvement  in  scuffing  resistance  of  spur  gears  and  (2) 
corrosion  resistances  of  advanced  bearing  and  gear  steels  such 
as  CBS600  and  CBS1000M. 

Conclusions 

Implantation  of  a  single  element  (chromium)  or  dual 
elements  (Chromium  plus  Phosphorous  or  Molybdendum) 
substantially  improves  resistance  to  both  general  and  pitting 
corrosion  in  MSO  steel.  The  improvements  are  strongly 
evident  in  three  independent  methods,  i.e.,  (1)  cylinder-on  flat 
simulation  (2)  polarization  in  IN-HjSO,  and  polarization  in 
0. 1M  or  0.01M  NaCI  solution. 

Implantation  jigs  have  been  designed  and  built  which 
enable  the  inner  and  outer  bearing  race  surfaces,  rollers  and 
balls  to  be  implanted  to  adequate  fluences  for  corrosion 
protection.  The  temperature  of  the  bearing  components  may 
be  adequately  controlled  during  implantation  so  that  there  is 
no  loss  of  hardness. 

Twenty-three  T58  bearings  and  one  J79  bearing  have  been 
successfully  implanted.  The  average  time  to  implant  one 
complete  T58  bearing  with  Cr  was  about  3  hours  beam  time. 
This  was  under  less  than  optimum  production  line  conditions. 


It  is  estimated  that  this  figure  could  be  improved  by  a  factor 
of  about  ten  in  a  production  line  situation. 

The  data  presented  indicate  the  implantation  of  the  ion 
species  evaluated  does  not  adversely  affect  either  bearing 
performance  or  fatigue  endurance  life  under  the  conditions 
tested. 
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The  oxidation  of  ion  implanted  Ta  in  two  different  high  temperature  regimes  has  been  studied.  Oxidations  were  carried  out  at 
500°C  in  Ar/02  mixtures,  where  oxide  growth  is  known  to  follow'  a  parabolic  rate  law  in  initial  stages,  and  at  1000°C  in  pure  ():. 
where  a  linear-rate  behavior  is  obtained.  Implanted  species  include  Al.  Ce,  Cr.  Li,  Si  and  Zr  at  fluences  of  the  order  of  lO'Vcnv. 
Oxidized  samples  were  studied  using  Rutherford  backscattering,  nuclear  reaction  analysis.  Auger  spectroscopy,  secondary-ion  mass 
spectroscopy.  X-ray  diffraction  and  optical  microscopy.  Significant  differences  among  the  specimens  were  noted  after  the  milder 
500°C  treatment,  specifically,  in  the  amount  of  oxide  formed,  the  degree  of  oxygen  dissolution  in  the  metal  beneath  the  oxide,  and  in 
the  redistribution  behavior  of  the  implanted  solutes.  Under  the  severe  1000°C  treatment,  indications  of  different  solute  distributions 
and  of  different  optica)  features  were  found,  whereas  the  overall  oxidation  rate  appeared  to  be  unaffected  by  the  presence  of  the 
solute. 


1.  Introduction 

The  oxidation  of  Ta  and  its  alloys  had  been 
studied  for  many  years.  Reviews  covering  much  of 
the  accumulated  data  can  be  found  in  refs.  I  and 

2.  Several  single  and  multi-component  alloys  were 
developed  which  display  significantly  (  x  2  to  x  10) 
enhanced  oxidation  resistance.  Total  alloy  addi¬ 
tions  often  exceed  50  at.*$  and  thus  drastically 
affect  bulk  properties.  Extremely  resistant  (  x  100 
or  belter)  alloys  were  also  found  which,  however, 
did  not  provide  mechanical  properties  amenable  to 
fabrication  of  useful  parts.  In  those  instances  where 
the  ultimate  application  of  the  material  retricts  the 
bulk  properties  or  where  alloy  additives  add  exces¬ 
sive  cost,  it  is  reasonable  to  attempt  a  surface 
treatment  method  on  as-fabricated  parts.  Protec¬ 
tive  coatings,  however,  often  suffer  from  ad¬ 
herence  difficulties,  particularly  under  high-tem- 
perature  or  temperature-cycling  conditions.  The 
use  of  ion-implanted  layers,  which  are  an  integral 
part  of  the  metal  surface,  may  therefore  represent 
a  viable  alternative. 


•  Work  performed  under  the  auspices  of  the  U  S.  Department 
of  Energy  by  the  Lawrence  Livermore  Laboratory  under 
contract  number  W-7405- ENG-48. 


Tantalum  oxidation  is  a  complex  process  which 
is  not  yet  wholly  understood  [1.2).  Complicating 
factors  include  a  high  solubility  of  oxygen  in  the 
metal,  the  existence  of  several  sub-oxides  which 
are  precursors  to  the  normal  oxide  Ta2Os.  the 
incursion  of  oxide  platelets  into  the  bulk  in  ad¬ 
vance  of  the  oxide- metal  interface,  and  the  trans¬ 
port  of  oxygen  through  the  oxide  by  means  other 
than  bulk  diffusion  which  leads  to  a  breakdown  of 
parabolic-rate  behavior.  Resulting  oxide  scales  tend 
to  be  non-protective  because  of  mechanical  failure 
al  a  microscopic  level  in  thin  layers,  and  eventu¬ 
ally.  in  thick  layers,  the  scale  will  spall. 

Little  guidance  is  available  for  the  choice  of 
elements  for  implantation  aside  from  the  behavior 
of  existing  alloys.  Three  qualitative  mechanisms 
can  be  envisioned  for  the  inhibition  of  oxidation 
by  an  implanted  layer  in  analogy  to  alloy  results, 
(i)  The  formation  of  a  continuous  alloy  layer,  of 
composition  corresponding  to  the  most  resistant 
alloys,  (ii)  The  incorporation  of  the  solute  in  the 
oxide  which  will  then  improve  the  oxide  mechani¬ 
cal  properties  or  slow  oxygen  transport,  (iii)  The 
creation  of  a  high-oxygen-affinity  layer  which  im¬ 
pedes  the  dissolution  of  oxygen  into  the  metal.  A 
fourth  mechanism  which  is  operative  in  other  sys¬ 
tems,  that  is  the  preferential  formation  of  the 
solute- oxide  on  the  surface,  was  not  expected  to 
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be  viable  here  since  Ta,Os  is  of  comparable  ther¬ 
modynamic  stability  to  the  oxides  of  Si.  Al  and  the 
rare-earths. 

The  implanted  elements  Al.  Ce.  Cr,  Li,  Si  and 
Zr.  have  been  studied  so  far.  Al,  Cr.  Si  and  Zr,  as 
major  components  of  Ta  binary  and  higher-order 
alloys  have  imparted  oxidation  resistance.  These 
also  form  relatively  stable  oxides  on  their  own.  In 
addition.  Zr  (as  well  as  Hf)  causes  a  marked 
decrease  in  oxygen  dissolution  in  the  alloys.  The 
possibility  of  formation  of  stable  mixed  oxides, 
such  as  LiTaO,.  TaAI04  and  CeTa04.  which  may 
seal  an  oxide  surface  was  also  considered.  The  last 
point  as  well  as  more  general  considerations  has 
been  discussed  for  implanted  systems  by  Dearna- 
ley  (3]. 


2.  Experimental  procedure 

A  rod  of  99.99%  pure  Ta  was  obtained  from  the 
Materials  Research  Corporation  and  machined  to 
a  1  cm  diameter.  The  heat-treatment  and  extrusion 
process  in  the  manufacture  of  the  rod  resulted  in  a 
preferred  crystallographic  orientation  discussed  in 
the  following  section.  Circular  specimens  of  1  mm 
thickness  were  spark-cut  from  the  rod  and  subse¬ 
quently  lapped  and  polished  to  a  final  10  pm 
alumina  grit  finish.  A  small  hole  was  drilled 
through  some  samples  near  the  edge  to  allow 
suspension  for  weight  gain  measurements.  The 
sharp  transition  from  the  face  to  edge  of  each  disc 
was  blunted  to  a  -  250  pm  radius  to  reduce  the 
known  [2]  high-rate  oxidation  at  sharp  corners. 
Most  samples  thus  prepared  were  mounted  in  the 
NRL  ion-implantation  accelerator  and  implanted 
on  both  faces  with  the  elements  listed  in  table  I. 
where  energies,  fluences,  and  calculated  projected 
ranges  are  also  given.  The  Si-implanted  samples 
were  implanted  on  one  side  only  by  I  ICO,  Inc.. 
Santa  Clara.  CA.  The  temperature  rise  of  the 
samples  during  implantation  is  estimated  not  to  be 
greater  than  -  150°C.  In  most  cases  (aside  from 
Li)  the  selected  fluence  is  close  to  that  where 
saturation  due  to  sputtering  occurs.  The  edges  of 
the  specimen  remained  unimplanted.  In  some  ins¬ 
tances  half  of  one  sample  face  was  masked  to 
facilitate  comparison  of  implanted  with  unim¬ 
planted  regions. 

One  of  each  set  of  samples  (except  TaSi)  was 
heated  to  500°C  for  I  h  in  a  4 :  1  mixture  of 


Table  1 

Fluence.  energy,  and  calculated  projected  range  <  k r>  for  im¬ 
planted  species,  and  measured  weight-gain  rale  at  IIUKFC  in 

o2. 


Element 

Energy 

(keV) 

Fluence 

( 10 1  V'cnr 

*  r 

)  (nmi 

Linear 

weight-gain 

rate 

(mg,  enr  h) 

At 

150 

2.0 

64 

210 

Ce 

ISO 

0.4 

146 

Cr 

150 

15 

4K 

1  7.1 

Li 

60 

20 

1 12 

Si 

1X4 

1.0 

73 

17VJ 

Sr 

150 

0.6 

25 

102 

Pure  Ta 

(64 

a  Corrected  for  only 

one  implanted  face,  using 

data  for  pure 

Ta. 


b  Reaction  was  catastrophic. 


argon/oxygen  gas.  In  general  the  oxidized  sample 
was  one  which  had  half  of  one  face  masked  during 
implantation.  These  samples  and  their  unoxidized 
counterparts  were  analyzed  with  ( i )  Rutherford 
backscattering  using  135°  scattering  of  2.0  MeV 
He  ions  and  a  glaneing-exit  angle  of  20°.  (it) 
Auger  electron  spectroscopy  for  Ta.  O.  C.  and  the 
implanted  element  using  2  keV  Ar-ion  sputtering 
and  a  5  kV  bias  for  the  electron  gun.  and  (iii) 
secondary  ion  mass  spectroscopy  of  the  positive 
ions  produced  by  a  primary  beam  of  5.5  keV  Ar 
ions.  In  addition,  the  Al  depth  distribution  was 
determined  using  the  :7Al(p.  y)  nuclear  rection  bs 
monitoring  the  gamma-ray  yield  as  the  incident 
proton  energy  was  varied  about  the  narrow  cross 
section  resonance  (100  eV)  at  992  keV.  and  the  Li 
distribution  was  determined  using  the  Li(p.  a) 
nuclear  reaction  by  energy  analyzing  the  particles 
produced  by  a  1.75  MeV  proton  beam. 

Another  of  each  set  of  samples  (with  holes  near 
the  periphery)  was  suspended  from  the  balance  of 
a  thermogravimetric  (TGA)  apparatus  within  a 
quartz-tube  through  which  pure  O,  flowed.  These 
were  heated  to  I000°C  in  a  rapid,  reproducible 
fashion  by  a  quartz-lamp  radiant  heater  and  held 
for  five  minutes  before  the  heater  was  switched 
off.  A  thermocouple  near  the  sample  verified  the 
temperature  time  sequence  in  which  full  tempera¬ 
ture  was  present  for  41  min.  As  a  result  of  the 
exothermic  nature  of  Ta  oxidation,  a  more  rapid 
temperature  rise  could  not  be  used  because  of 
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sample  ignition  with  catastrophic  oxidation. 
Weight-gain  data  as  accumulated  represented  the 
combined  effects  of  oxidation  on  faces  and  edge. 
Whereas  the  appearance  of  the  oxidized  faces  was 
a  matte  grey,  the  edge  showed  a  relatively  volu¬ 
minous  white  scale  which  was  easily  chipped  from 
the  sample  and  collected.  The  edge  scale  was 
weighed  separately  and,  assuming  stoichiometric 
Ta,Ov  the  weight  of  oxygen  in  the  edge  scale  was 
obtained. 

These  samples  were  characterized  using  (i)  X-ray 
diffraction  with  CuKa  radiation  (ii)  optical  mi¬ 
croscopy  with  polarized  light,  (iii)  Auger  electron 
spectroscopy  for  Ta,  O,  C  and  the  implanted  so¬ 
lute.  and  (iv)  nuclear-reaction  analysis  for  Al  using 
the  narrow  resonance  in  the  cross  section  of  the 
Al(p.  y)Si  reaction  as  described  above.  Use  of  the 
strongest  gamma-lines  in  this  case  suffers  from 
interference  with  oxygen-reaction  gammas,  thus 
lines  near  10  MeV  were  used. 


3.  Results 

.1. /.  Severe  ease  (I000°C.  5  mm  in  0:) 

XI.  1.  Thermogravimetric  analysis 

Fig.  I  shows  raw  TGA  data  typical  of  all  sam¬ 
ples  studied  so  far.  Aside  from  the  initial  healing 
period  of  -  40  s  and  a  slight  non-linearity  around 
-  260  s.  the  major  portion  of  the  curve  is  linear. 
The  nonlinearity  near  the  end  of  the  5  min  period 
was  also  observed  in  longer  test  runs  where  it  was 
seen  to  last  for  -  I  min  followed  by  a  return  to 
linear  behavior  with  the  same  slope.  Using  the 
weight  gain  attributable  to  the  edge,  the  areas  of 
faces  and  edge,  and  neglecting  the  nonlinear  por- 
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lions  of  the  data,  the  experimental  slopes  were 
reduced  to  weight-gain  rates  applicable  to  the  faces. 
These  data  are  tabulated  in  table  I.  They  may  be 
compared  to  the  literature  value  [  I  j  of  140  mg/cnr 
hr.  The  differences  among  the  several  measure¬ 
ments  lie  within  the  estimated  errors  of  measure¬ 
ment  and  the  mean  value  is  somewhat  greater  than 
the  literature  value  because  the  weight-gain  as¬ 
signed  to  edges  was  probably  underestimated.  Thus 
no  sizable  effect  of  implantation  on  overall  oxida¬ 
tion  rate  is  observed.  Data  was  not  obtained  for 
TaLi  since  a  catastrophic  ignition  reaction  oc¬ 
curred  in  spite  of  the  identical  temperature  time 
program  used  for  all  samples. 

XI. 3.  X-ray  diffraction  analysis 

Diffractometer  traces  for  all  samples  showed 
Ta  ,Os  structure.  No  evidence  of  Ta  metal  was 
seen,  implying  an  oxide  laser  thickness  greater 
than  the  extinction  depth  for  the  CuKa  radiation 
employed.  A  thickness  of  -  7.5  p  m  is  consistent 
with  this  as  well  as  the  observed  weight  gam.  Line 
intensities  indicate  a  high  degree  of  preferred 
orientation  along  (010]  in  the  oxide  which  we 
attribute  to  the  crystallographic  texture  in  our  Ta 
metal  which  favored  the  |1 10]  direction  (along  the 
rod  axis  or)  normal  to  sample  faces 

No  evidence  was  found  for  oxides  of  the  im¬ 
planted  species  or  for  mixed  oxides.  This  does  not 
rule  out  their  presence  in  the  near  surface  region 
however,  since  onlv  -  hT  of  total  diffracted  inten¬ 
sity  would  originate  in  the  first  1000  -\  of  material 
for  the  range  of  diffraction  angles  employed 

XL X  Optical  microscopy 

Notwithstanding  the  failure  to  see  effects  of 
implantation  with  the  above  techniques,  the 
surfaces  of  the  various  oxidized  specimens  did 
appear  different  under  the  optical  micro  cope, 
particularly  with  the  contrast  enhancement  of 
polarized  light  (orthorhombic  Ta  ,()<  would  be  ex¬ 
pected  to  show  anisotropic  optical  properties).  Pure 
Ta  and  TaCe  were  unremarkable  with  a  mottled 
light  and  dark  gray  appearance.  TaAl  showed  a 
finer  but  similar  mottled  surface  plus  distinct  in¬ 
clusions  of  -  10  pm  diameter  (see  fig.  2a).  In 
TaC'r  (fig.  2b>  a  distinct  network  of  cell-boundaries 
were  observed  which  showed  metallic  luster.  An 
outcropping  of  translucent  structures  was  seen  on 
TaSi  (fig.  2c)  surrounded  by  a  dark  cell-like  net¬ 
work  (fig.  2d)  with  significant  relief  in  the  pattern 
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I  he  unmiplanfcJ  faee  ol  the  1  a. Si  simple  'howci i 
nn  sudi  effects,  thus  ceiitcmg  lh.il  the  canom 
differences  in  surface  appearai.ee  result  from  1 1 • 
implanted  solute. 
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I  he  thick  insulating  oxide  later  lesulled  in  Mill 
pie  charging  effects  which  repaired  special  pose 


dures  We  ccere  'iicecsviul  onl\  with  samples  I  at  i 
and  1  at  e  using  low  cneigv  t  1  Sun  \  l  exciting  elec¬ 
tions  and  low  angle  \r-ion  sputtering  \pprovi- 
m. He  depth  scale  calibration  was  derived  using  a 
liiiio  \  anodic  la  >. vide  film  on  la  I  he  t  e  signal 
mteiisitv  is  shown  as  a  luiKtion  of  depth  ill  fig  '< 
•,)ti. imitative  calibration  of  (  e  concentration  was 
not  possible  at  the  low  excitation  voltage,  but  the 
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concentration  profile  is  similiar  to  the  original 
implanted-profile  in  the  metal.  The  Ce  seems  to 
have  been  oxidized  in  place.  Although  the  Cr 
signal  was  too  weak  to  discern  a  profile  shape,  its 
qualitative  behavior  appeared  similar  to  that  of  Ce 
in  the  first  1600  A. 

3.  1.5.  Nuclear-reaction  analysis. 

The  27Al(p,  y):sSi  reaction  was  used  to  profile 
Al  in  the  as-implanted  Ta  metal  and  the  oxidized 
samples.  Fig.  4  shows  the  Al  profile  for  as-im¬ 
planted  and  oxidized  cases  after  subtraction  of 
background  from  a  run  with  an  unimplanted- 
oxidized  sample.  The  figure  shows  that  after 
oxidation  the  Al  is  found  distributed  throughout 
the  region  probed  b.v  the  analysis  beam  and  proba¬ 
bly  extends  beyond  this  range. 

3.2.  Mild  case  (500°C,  I  hour  in  4 : 1  Ar / O.) 

3.2.1.  Rutherford  Backscattering  Analysis  (RBS) 
This  analysis  method  takes  advantage  of  dif¬ 
ferences  in  atomic  mass  to  distinguish  among  sam¬ 
ple  constituents,  and  of  the  energy  loss  of  the 
incident  ions  within  the  material  to  provide  depth 
information.  Unfortunately  all  implanted  impuri¬ 
ties  as  well  as  oxygen  itself  are  of  lower  mass  than 
the  major  Ta  component.  Thus,  information  must 
be  extracted  primarily  from  scattering  by  Ta.  Re¬ 
ferring  to  the  spectra  of  fig.  5.  one  sees  dilution  of 
unoxidized  Ta  by  some  of  the  implanted  species, 
notably  Cr  and  Al.  as  evidenced  by  the  reduction 
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Fig,  3.  Auger  signal  intensity  versus  sputtered  depth  for  Ce  and 
Ta  in  severely  oxidized  TaCe  sample.  The  same  arbitrary  units 
apply  to  both  intensity  scales.  The  oxygen  signal  (not  shown) 
was  flat  throughout  the  examined  depth 
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Fig.  4.  Concentration  profile  of  Al  in  as-implanted  Ta  metal 
and  severe!}  oxidized  TaAl  obtained  by  (p.  y)  nuclear  reaction 
analysis.  Data  are  background  subtracted  and  concentration 
scale  was  determined  using  a  pure  Al  target 

in  scattering  yield  from  Ta.  to  depths  correspond¬ 
ing  to  the  range  of  the  implanted  ion.  The  con¬ 
centration  of  Cr  deduced  from  such  reductions  in 
TaCr  is  shown  in  fig.  5a.  Typical  features  of 
spectra  from  oxidized  samples  include  the  gradual 
rise  of  the  Ta  signal  with  increasing  depth  from 
that  of  approximately  Ta:05  toward  that  of  un¬ 
oxidized  Ta  metal.  One  typically  sees  a  knee  about 
1000  A  below  the  surface  region  from  which  we 
can  infer  the  presence  of  an  interface  between 
“oxide  layer"  and  “oxygen-bearing-metal".  The 
height  of  Ta  signal  in  the  oxide  layer  is  greater 
than  that  expected  from  Ta2Os.  however,  we  can¬ 
not  determine  stoichiometry  of  the  layer  well  since 
the  implant-dilution  and  stopping  power  are  not 
known  accurately.  At  the  largest  depth  probed 
( -  0.5  jim).  the  Ta  signal  corresponds  to  an  aver¬ 
age  oxygen  concentration  well  in  excess  of  the 
oxygen  solubility  limit  in  Ta  at  500°C  of  about  1 
at.T  [5].  It  is  known  [2.5)  that  a  complex  progres¬ 
sion  of  suboxides  of  Ta  occur  at  this  oxidation 
temperature.  These  are  probably  present  in  the 
“interface  region"  and  extend  inward  and  to  the 
surface  as  well.  The  interesting  aspects  of  the  RBS 
data  are  the  differences  among  the  various  cases. 

In  the  TaAl  (fig.  5c).  TaZr  (fig.  5b)  and  Tal.i 
(fig.  5d)  cases  the  subsurface  interface  appears  as  a 
sharper  spectral  feature  than  for  the  other  systems. 
This  may  be  a  true  indication  of  a  more  abrupt 
interface  or  may  indicate  greater  lateral  uniformity 
in  oxide  thickness  under  the  area  of  (he  analyzing 
beam.  The  amount  of  discernible  oxide  and  the 
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Fig.  5.  For  mildly  oxidized  cases:  (a)  RBS  spectrum  for  TaC  r  and  derived  C'r  distribution:  (b)  RBS  spectrum  for  TaZr;  (c)  RBS  and 
nuclear  reaction  data  for  TaAl:  (d)  RBS  and  nuclear  reaction  data  for  TaLi  I  x  It)1  Ta/citr  corresponds  to  IS  I  nm  of  pure  la  or 
44.7  nm  of  Ta;Ov  The  surface  approximation  for  slopping-power  factors  was  used  for  the  indicated  depth  scales. 


level  of  oxygen  present  in  the  underlying  sub¬ 
oxides  also  differ  among  the  samples.  Referring  to 
unimplanted  Ta  as  a  standard,  the  TaC'e  (not 
shown)  appears  about  the  same.  In  TaAl,  the  oxide 
appears  -  20%  thinner  and  oxygen  present  in 
suboxides  is  less  by  a  factor  of  -  2,  In  TaZr.  a 
similar  oxygen-in-suboxides  reduction  as  in  TaAl 
is  seen  but  oxide  thickness  is  about  one-half  the 


standard.  A  different  effect  is  seen  in  TaC'r  (fig. 
5a)  where  oxygen  is  only  reduced  in  the  interface 
region  and  the  oxide  layer  is  too  thin  to  be  re¬ 
solved. 

The  case  of  TaLi  is  unusual  in  that  oxidation 
enhancement  is  seen.  The  oxide  layer  is  thicker 
than  pure  Ta  by  -  50*?  and  the  oxygen  level  in  the 
interface  region  is  higher,  approaching  that  seen  in 
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pure  oxidized  Ta  at  greater  depths.  This  sample's 
surface  displayed  a  blue-iridescent  hue. 

3.2.2.  Nuclear-reaction  analysis 

The  (p,  y)  reaction  noted  in  sect.  2  was  used  on 
the  TaAl  samples  where  no  A1  redistribution  on 
oxidation  was  seen  (fig.  5c).  The  slight  discrepancy 
between  the  A1  concentrations  in  the  two  samples 
is  believed  to  be  caused  by  the  simplifying  as¬ 
sumptions  used  in  the  calculation.  Note  that  the 
oxide  layer  resides  within  the  first  251?  of  the  Al 
distribution. 

The  7Li(p.  o)4He  reaction  was  applied  to  the 
TaLi  sample  and  showed  Li  to  be  enriched  in  the 
oxide  layer  at  the  expense  of  Li  just  beneath  the 
layer  (fig.  5d).  It  was  observed  that  only  about 
25“?  of  implanted  Li  was  retained  following  ion 
implantation. 

3.2.3.  Auger  Electron  Spectroscopy  (AES) 

Samples  studied  by  this  method  include  unim¬ 
planted  oxidized  Ta  and  samples  implanted  with 
Al.  Ce.  Cr  and  Zr  in  both  as-implanted  and  post¬ 
oxidation  conditions.  The  Auger  lines  of  Ta. 
oxygen  and  solute  were  monitored  as  a  function  of 
depth  by  sputter-etching  the  samples.  In  all  cases 
some  degree  of  carbon  contamination  was  noted 
beneath  the  surface  which  probably  arose  from 
implantation  vacuum  conditions.  The  carbon  was 
in  all  cases  considerably  closer  to  the  surface  than 
the  implant  range.  Corroboration  of  RBS  data  was 
found  in  all  respects.  Ce  and  Al  remained  essen¬ 
tially  in  the  implanted  concentration  profile  after 
oxidation.  As  shown  in  fig.  6,  Cr  was  found  to 
segregate  to  the  oxide  surface  where  the  Ta  signal 
was  correspondingly  less.  Through  the  oxide,  and 
in  the  metal  immediately  below,  the  Cr  was  de¬ 
pleted.  Zr  did  not  provide  a  sufficiently  strong  line 
to  profile  in  as-implanted  or  oxidized  samples.  As 
seen  in  RBS  data,  the  oxidized  TaCr.  TaZr.  and 
TaAI  samples  displayed  a  sharp  interface  between 
the  oxide  layer  and  metal  with  a  reduced  oxygen 
tail  into  the  metal.  This  interface  was  diffuse,  and 
a  deep  oxygen  tail  was  seen  in  TaCe  and  unim¬ 
planted  Ta.  The  relative  intensities  of  Ta  and 
oxygen  lines  were  initially  roughly  consistent  with 
that  known  to  obtain  for  Ta,CL  where  preferential 
sputtering  affects  the  observed  ratio.  After  sputter 
etching  a  few  nm  of  oxide,  however,  significant 
deviations  from  Ta2C)<  stoichiometry  were  ob¬ 
served.  suggesting  the  presence  of  Ta  suboxides. 
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Fig  6  Auger  deplh  profiles  for  (a)  unoxidezed  and  < b )  mildk 
oxidized  TaCr  specimens.  (The  solid  circles  refer  ro  adventi¬ 
tious  carbon,  whereas  the  open  circles  refer  to  carbon  in  a 
carbide  as  deduced  from  Auger  line  shape  The  peak  concentra¬ 
tion  of  carbon  in  carbide  in  the  unoxidized  (a)  case  was  found 
to  be  -  20  at  T  using  a  sensuous  factor  of  0  T2. > 


Unfortunately,  this  method,  like  RBS.  cannot  dis¬ 
tinguish  whether  oxygen  in  the  metal  is  in  solution 
or  in  suboxide  platelets,  nor  whether  apparent 
interface  diffuseness  results  from  oxide  thickness 
nonuniformity  or  from  a  truly  gradual  transition 
in  Ta/O  ratio. 

3.2.4  Secondary  Ion  Mass  Spectroscopy  (SIMS) 
SIMS  analysis  of  unimplanted  oxidized  Ta  and 
of  samples  implanted  with  Al.  Ce.  and  Cr  substan¬ 
tiated  the  results  previously  obtained  by  AES  on 
these  samples.  Analysis  of  the  Li  and  Zr  implanted 
specimens  provided  new  information  due  to  the 
greater  sensitivity  for  these  elements  of  SIMS.  Li 
was  found  to  segregate  to  the  surface  of  the  oxide 
layer  at  the  expense  of  subsurface  Li  concentra¬ 
tion.  much  as  implanted  Cr  had.  Zr  retained  its 
initial  implantation  profile  following  oxidiation.  as 
Ce  and  Al  had. 
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4.  Discussion 

The  linear  oxidation  rate  for  Ta  as  a  function  of 
temperature  indicates  a  change  in  mechanism  be¬ 
tween  -  600  and  800°C  as  shown  in  fig.  7.  It  is 
generally  believed  [2]  that  in  the  low  temperature 
regime,  the  progressive  formation  of  various  sub¬ 
oxides  controls  oxidation,  whereas  at  high  temper¬ 
ature,  the  direct  formation  of  Ta  ,0,  from  the 
oxygen-contaminated  metal  occurs.  It  is  thus  not 
surprising  that  the  degree  to  which  oxidation  is 
influenced  by  implanted  species  also  differs  in  the 
two  temperature  regions. 

At  the  lower  temperature,  we  have  shown  that 
Zr  and  Cr  significantly  impede  oxide-layer  growth 
whereas  Li  accelerates  it.  Also,  the  dissolution  of 
oxygen  in  the  underlying  metal  is  reduced  by 
implantation  of  Zr  and  Al.  The  presence  of  Ce  had 
little  effect.  Differences  in  the  post-oxidation  dis¬ 
tribution  of  the  solute  may  be  related  to  this 
behavior.  Cr  and  Li,  for  example,  move  preferen¬ 
tially  to  the  surface,  indicating  mobility  of  the 
solute,  whereas  Ce,  Zr  and  Al  tend  to  retain  their 
implanted  distribution  through  the  oxide. 

We  can  speculate  on  possible  mechanisms 
whereby  implantation  causes  these  results.  The 
implanted  layer  may  block  oxygen  transport  into 
the  metal  or  make  the  oxide  itself  less  permeable 
in  those  cases  where  oxidation  is  reduced.  Lauf 
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Fig.  7.  Temperature  variation  of  linear  rate  constants  for  tanta¬ 
lum  oxidation  in  oxygen  and  air  from  Schmidt  et  al.  (4|. 


and  Altstetter  [6]  have  shown,  for  example,  that  Zr 
solute  in  the  Ta-like  metal,  Nb,  can  trap  oxygen 
and  retard  its  diffusion.  Some  work  in  progress 
indicates  that  Cr  solute  in  Ta  can  also  trap  oxygen 
[7J.  It  is  also  known  that  the  morphology  of  the 
suboxides  entails  the  incursion  of  suboxide  plate¬ 
lets  along  particular  habit  planes  of  the  metal.  The 
solute  may  interfere  with  this  directly  or  through 
the  stress  or  lattice  disorder  which  attends  implan¬ 
tation.  Since  500°C  is  roughly  25%  of  the  absolute 
melting  point  of  Ta,  long  range  migration  of  solute 
atoms  or  lattice  annealing  effects  would  not  be 
expected  to  erase  the  effects  of  implantation,  par¬ 
ticularly  on  so  thin  an  oxidation  layer  as  is  created 
under  these  relatively  mild  conditions.  It  should  be 
noted  that  whereas  all  of  the  implanted  Ce  and  Zr 
were  enveloped  in  the  growing  oxide  layer,  consid¬ 
erable  amounts  of  Al.  Li,  and  Cr  remained  be¬ 
neath  this  layer  because  of  their  deeper  penetra¬ 
tion  into  Ta  during  ion  implantation. 

At  high  temperature,  the  rate  of  oxidation  far 
exceeds  the  diffusion  rate  of  both  the  implanted 
solutes  and  of  oxygen  in  Ta  metal.  Therefore  any 
beneficial  effect  of  the  implanted  layer  would  have 
to  result  from  it  providing  a  rather  impenetrable 
barrier  for  an  extended  period.  This  implies  both 
the  need  to  form  an  alloy  with  extreme  resistance 
or  a  thin  oxide  with  extremely  slow  oxygen  trans¬ 
port,  and  the  need  to  maintain  lateral  continuity 
of  the  layer.  Since  no  remarkable  effect  on  net 
oxidation  rate  was  seen,  these  criteria  were  not 
met.  The  optical  micrographs  of  fig.  2  imply  lateral 
segregation  of  solute  and/or  solute  oxides  near  the 
surface.  In  addition,  from  the  modest  degree  to 
which  Cr.  Zr.  or  Al  were  protective  at  500°C  in 
20%  Oj,  one  would  not  expect  significant  protec¬ 
tion  at  !000°C  in  100%  02.  For  protection  at  these 
severe  conditions,  it  is  probably  necessary  to  form 
the  type  of  ternary  or  higher  alloy  at  the  surface 
which  shows  rates  of  <  0.4  mg/cnr/h  (ref-  1.  P- 
439). 

Some  points  of  similarity  exist  between  the  high 
and  low  temperature  data.  Ce  was  seen  to  be 
essentially  immobile  in  both  cases.  And.  the  en¬ 
hancement  of  oxidation  by  Li  at  500°C  could 
account  for  the  sample  ignition  at  1000°C.  A 
dispanty  is  noted  for  Al  which  strongly  redistrib¬ 
uted  at  the  higher  temperature,  but  not  at  the 
lower. 

Additional  studies  on  the  specimens  described 
here  as  well  as  on  other  systems  are  in  progress. 
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Magnetic  properties  of  iron-implanted  graphite 

N.  C.  Koon,  P.  Pehrsson,  D.  Weber,  and  A.  I.  Schindler 

Naval  Research  Laboratory.  Washington.  DC  20375 

We  have  measured  the  magnetic  properties  of  highly  oriented  pyrolytic  graphite  (HOPGl 
implanted  with  fluences  of  25-keV  iron  atoms  ranging  from  10"'  to  1017  atoms/cm'.  The  lowest 
fluence  specimen  was  paramagnetic  down  to  2  K,  with  evidence  for  clusters  of  only  a  few  spins, 
while  the  highest  fluence  specimen  was  clearly  ferromagnetic,  with  magnetization  curves 
resembling  those  of  a  set  of  randomly  oriented  soft  magnetic  planes.  The  critical  fluence  for 
formation  of  a  ferromagnetic  state  appears  to  be  between  1  and  3  x  lO1"  atoms/cm:  at  25  keV 
These  results  can  be  qualitatively  understood  based  on  the  critical  density  for  percolation  of  near 
neighbor  exchange  interactions. 

PACS  numbers:  75.70.  —  i,  75.50.  -  y 


INTRODUCTION 

In  recent  years  the  modification  of  crystallographically 
layered  materials  by  intercalation  of  foreign  species,  princi¬ 
pally  by  chemical  means,  has  been  the  subject  of  intense  in¬ 
terest.  Intercalated  graphitic  compounds  have  been  exten¬ 
sively  studied  because  of  the  great  variety  of  physical, 
chemical,  electrical,  and  magnetic  phenomena  which  they 
exhibit.  Many  species,  however,  cannot  be  intercalated  by 
chemical  means.  Ion  implantation  offers  an  alternative 
method  for  insertion  of  foreign  species  into  a  host  material, 
although  for  a  variety  of  reasons  it  cannot  really  be  consid¬ 
ered  equivalent  to  chemical  intercalation.  One  of  the  princi¬ 
pal  differences  is  in  the  damage  produced  by  the  high  kinetic 
energy  required  for  insertion.  At  a  critical  level  of  damage  in 
carbon  systems  there  seems  to  be  quite  generally  a  transition 
to  an  amorphous  state,  which  in  the  case  of  ion  implantation 
implies  an  amorphous  surface  layer. 1 " '  For  ions  as  heavy  as 
iron  implanted  at  100  keV,  for  example,  Raman  scattering 
measurements'  have  shown  that  an  amorphous  layer  results 
with  fluences  as  low  as  I  x  1014  atoms/cm7.  In  any  event  the 
implanted  atoms  will  generally  come  to  rest  in  heavily  radi¬ 
ation  damaged  if  not  fully  amorphous  regions  near  the  sur¬ 
face. 

The  purpose  of  the  present  work  was  to  explore  the 
magnetic  properties  of  iron  implanted  into  graphite.  Because 
of  the  typically  strong  nature  of  the  exchange  coupling 
between  iron  spins,  even  in  amorphous  materials,  it  was  ex¬ 
pected  that  the  magnetic  properties  would  provide  useful 
information  about  the  structure  and  separation  of  the  im¬ 
planted  atoms. 

EXPERIMENT 

The  samples  were  prepared  by  implantation  at  a  fixed 
energy  of  25  keV  normal  to  the  graphite  face.  The  depth 
distribution  of  implanted  atoms  was  estimated  using  the  the¬ 
ory  of  Lindhard,  Scharff  and  Schiott  (LSS).4  Fitting  a  Gaus¬ 
sian  to  the  calculated  distribution  gave  the  center  of  the  dis¬ 
tribution  at  a  depth  of  147  A,  with  a  Gaussian  width  of  47  A, 
assuming  no  sputtering  at  the  surface.  Samples  were  pre¬ 
wired  with  fluence  levels  of  1, 3, 6,  and  10  x  101'’  atoms/cm7, 
t  ne  atomic  concentrations  of  iron  at  the  maximum  of  the 

219/  J  Appl  Phys  55  (6),  15  March  1984 


distributions  were  calculated  to  be  6.5,  17.3,  29.5,  and  41.1 
at.  %,  respectively. 

The  ion-implanted  surfaces  were  removed  in  an  inert 
atmosphere  and  sealed  in  quartz  tubes  under  vacuum.  Mag¬ 
netic  measurements  were  made  using  a  vibrating  sample 
magnetometer  and  a  superconducting  solenoid.  For  experi¬ 
mental  reasons  the  data  were  limited  to  temperatures  less 
than  150  K. 

RESULTS 

The  fluence  levels  chosen  for  investigation  resulted  in 
samples  whose  magnetic  properties  spanned  the  range  from 
clearly  ferromagnetic  at  the  highest  fluence  level  (1017 
atoms/cm to  paramagnetic  at  the  lowest  ( 10"'  atoms/cm:). 
Magnetization  curves  taken  at  2  K  for  the  highest  fluence 
sample  are  shown  in  Fig.  I .  The  linear  diamagnetic  signal 
from  graphite  has  been  subtracted  from  the  data.  One  rather 
striking  feature  of  the  data  is  a  rapid  change  in  magnetiza¬ 
tion  at  low  fields.  This  is  consistent  with  what  would  be  ex¬ 
pected  from  a  randomly  oriented  arrangement  of  thin  mag¬ 
netic  films  with  low  coercive  forces.  Because  of  the  low 
demagnetizing  factor  in  the  plane,  there  would  be  an  initial 
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Fit)  I  Magnetization  vs  applied  magnetic  field  at  2  K  for  HOPG  implant¬ 
ed  wiih  10'  aloms/cm‘  of  iron  The  diamagnetic  signal  from  the  graphite 
has  been  subtracted 
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FIG  2.  Relative  spontaneous  magnetization  vs  temperature  for  HOPG  im¬ 
planted  with  3  v  io'*  |»|  and  10*’  (•(  atoms/cnr  of  iron. 

sharp  rise  in  magnetization  to  78.5%  of  saturation  as  the 
moment  of  each  plane  rotated  in  the  plane  to  maximize  the 
component  parallel  to  the  applied  field.  There  would  then  be 
a  slower  increase  with  applied  field  as  the  moments  rotate 
out  of  the  plane.  Similar  results  were  observed  for  a  fluence 
of  6x  10IA  atoms/cnr,  except  that  the  coercive  force  was 
somewhat  greater.  The  coercive  force  at  2  K  reached  a  maxi¬ 
mum  of  550  Oeat  a  fluence  of  3  x  lO'*  atoms/cnr,  which  is 
probably  close  to  the  critical  fluence  for  formation  of  a  ferro¬ 
magnetic  state.  The  rise  in  coercive  force  near  this  critical 
concentration  probably  reflects  the  fact  that  near  that  con¬ 
centration  the  magnetic  state  of  the  system  more  nearly  re¬ 
sembles  a  collection  of  weakly  coupled  magnetic  clusters 
than  a  uniform  ferromagnetic  sheet. 

The  temperature  dependence  of  the  spontaneous  mo¬ 
ments,  as  shown  in  Fig.  2  for  the  3  and  lOx  10"'  atoms/cnr 
samples,  also  suggest  that  3  x  10"1  is  approaching  the  critical 
fluence  for  the  formation  of  a  ferromagnetic  state.  The  two 
highest  fluence  samples  had  a  very  weakly  temperature  de¬ 
pendent  spontaneous  moment  at  low  temperatures,  suggest¬ 
ing  that  almost  all  of  the  implanted  Fe  atoms  in  those  speci¬ 
mens  experience  rather  strong  ferromagnetic  exchange 
interactions.  The  specimen  with  3  x  10'ft  atoms/cm2  has  a 
magnetization  which  drops  off  much  more  rapidly  with  in¬ 
creasing  temperature,  suggesting  a  much  larger  percentage 
of  weakly  coupled  spins.  Extensions  of  the  data  to  higher 
temperatures  could  not  be  done  reliably  due  to  experimental 
limitations  and  to  the  complex  field  dependence  of  the  mag¬ 
netization,  especially  of  the  lower  concentration  sample. 

The  magnetization  of  the  lowest  fluence  specimen  ( IOlfi 
atoms/cm2)  is  shown  in  Fig.  3.  It  is  strikingly  different  from 
the  other  three  in  that  there  is  no  evidence  for  a  spontaneous 
moment  even  at  the  lowest  temperature  measured.  The  sus¬ 
ceptibility  varies  more  slowly  than  1/7",  but  still  increases 
rapidly  with  decreasing  temperature.  Higher  field  data  sug¬ 
gests  that  the  average  moment  size  per  spin  is  larger  than  two 
Bohr  magnetons,  indicating  there  is  exchange  coupling 
between  spins,  but  the  average  number  of  spins  in  each  ex¬ 
change  coupled  cluster  is  rather  small. 
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HO  }  Magnetization  >s  applied  magnetic  field  at  various  temperatures  for 
HOPG  implanted  with  10"  atoms/cm  of  iron  The  diamagnetic  signal 
from  the  graphite  has  been  subtracted 


DISCUSSION 

The  results  of  this  study  can  be  reasonably  understood 
based  on  the  assumption  that  only  neighboring  iron  spins  in 
the  heavily  radiation  damaged  (and  probably  amorphous) 
layer  are  strongly  exchange  coupled.  The  variation  in  mag¬ 
netic  properties  with  concentration  then  depends  mainly  on 
how  this  strong  exchange  propagates  through  the  lattice.  In 
this  model  ferromagnetism  only  occurs  at  iron  concentra¬ 
tions  greater  than  the  percolation  concentration,  where  the 
exchange  interactions  can  propagate  to  infinity.  The  perco¬ 
lation  problem  has  been  treated  extensively  for  a  variety  of 
physical  processes/  6  usually  for  the  case  of  regular  lattices. 
In  the  present  case,  where  the  structure  is  poorly  defined,  it  is 
useful  to  note  the  results  of  Sher  and  Zallen  who  defined  a 
critical  density  for  percolation,  which  turns  out  to  be  close  to 
15  vol.  %  for  a  wide  variety  of  lattice  types.  While  the  exact 
relative  volumes  occupied  by  the  iron  and  carbon  atoms  is 
clearly  not  known  for  the  radiation  damaged  layer,  it  is  prob¬ 
ably  reasonable  for  qualitative  discussion  to  assume  they  oc¬ 
cupy  equal  volumes,  in  which  case  the  atomic  concentration 
is  the  same  as  the  relative  atomic  density.  The  remaining 
problem  in  making  contact  with  the  Sher  and  Zallen7  theory 
is  in  relating  the  relative  atomic  density  to  the  absolute  frac¬ 
tional  volume  occupied  by  the  iron.  For  the  purpose  of  dis¬ 
cussion  we  assume  the  two  are  equal,  which  is  certainly  not 
precisely  correct.  With  that  assumption  it  is  interesting  to 
note  that  in  the  maximum  iron  concentration  region  the 
three  high  fluence  specimens  are  all  well  above  the  iron  per¬ 
colation  density  and  are  clearly  ferromagnetic,  while  the 
lowest  fluence  specimen  is  well  below  the  iron  percolation 
limit  and  is  clearly  paramagnetic.  The  magnetic  properties 
observed  in  the  present  case  therefore  seem  to  correlate  rea¬ 
sonably  well  with  the  structural  characteristics  expected  for 
iron  implanted  into  graphite,  although  it  should  be  pointed 
out  that  the  LSS  depth  distributions  constitute  only  a  quali¬ 
tative  and  semiquantitative  guide.  The  actual  depth  distribu¬ 
tion  of  implanted  iron  atoms  may  very  well  differ  from  the 
LSS  theory  due  to  the  highly  anisotropic  nature  of  the  graph¬ 
ite  structure  and  bonding. 
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ABSTRACT 

Characterization  of  the  two  metastable  states  of 
amorphous  Si  produced  by  ion  implantation  is  extended  to 
include  electron  paramagnetic  resonance,  fundamental 
absorption  edge,  and  density  measurements  in  addition  to 
infrared  reflection.  It  is  found  that  the  properties  of 
the  two  a-Si  states  are  not  dependent  upon  the  mass  of  the 
incident  ion  (1?C,  29$i,  ^lp,  120$n)  or  upon  the 
anneal  temperature  for  400°<T/k600°C.  The 

danql ing-bond  density  drops  about  a  “factor  of  2,  the 
absorption  coefficient  drops  by  more  than  a  factor  of  5, 
but  the  density  does  not  change  when  the  a-Si  makes  a 
transition  between  the  two  states. 


INTRODUCTION 

In  previous  work  [1]  a  number  of  Si  samples  were  implanted  at  either 

200K  or  room  temperature  with  Si  or  P  ions  which  had  incident  energies 

between  200keV  and  2.7MeV  and  fluences  between  1.0x1016  and 

10.0xl0^ions/cm2.  in  all  cases  the  amorphous  (a-Si)  produced  by  the 
implantation  process  had  an  infrared  refractive  index,  nj(v)  (see  curve 

in  Fig.  1)  which  was  independent  of  the  fluence  and  the  implanted  ion,  and 
was  12%  larger  than  the  crystalline  value  at  the  frequency  v  corresponding 
to  a  wave  number  of  4000cm-l. 

In  subsequent  studies  [2,3]  it  was  found  that  annealing  the  implanted 
samples  for  about  2  hours  at  500°C  caused  the  index  of  refraction  to 

decrease  to  a  new  value,  nji(v),  also  shown  in  Fig.  1.  The  ratio 

n 1 1 / n i=0 . 96  at  v  =  4000cm-*  indicates  that  annealing  causes  the 
refractive  index  to  drop  about  1/3  of  its  original  implantation  induced 
increase  from  the  crystalline  value  nc(v).  The  values  of  njj(v)  were 

also  independent  of  the  implantation  parameters  and  did  not  change  with 

further  annealing.  These  two  optical  states  were  identified  as  (I),  the 
defect-saturated  (as-implanted)  and  (II),  the  thermal ly-stabi 1 ized 
(annealed)  states  of  a— S i  [4].  For  this  work,  we  define  these  states  as 
a-Si-I  and  a-Si-II,  respectively. 

In  a  recent  study  [5]  the  infrared  refractive  indices,  the  strength  of 
the  electron  paramagnetic  resonance  (EPR)  dangl  ing-bond  signal,  and  the 
changes  in  density  of  the  a-Si  were  measured  as  a  function  of  annealing 
time  at  T^  =  500°C  for  2  9  s  -j  _  ^  mp  i  anted  samples  of  Si.  These 
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measurements  indicated  that  the  dangling  bond  density  behaved  in  a  manner 
similar  to  that  of  the  refractive  index,  i.e.,  a  large  drop  in  the  early 
stages  (first  two  hours)  of  the  500°C  anneal,  and  only  slight  further 
changes  resulting  from  prolonged  anneal  times.  However,  there  was  no 
corresponding  change  in  density. 

The  results  presented  here  extend  those  of  Ref.  5  in  two  ways. 
Firstly,  because  there  was  an  indication  in  the  literature  that  the 
refractive  index  of  a-Si-I  depends  upon  the  mass  of  the  implanted  ion  [6], 
it  is  important  to  determine  if  these  properties  of  a-Si-I  and  II  are 


Fig.  1.  Indices  of  refraction  of 
crystalline  Si,  a-Si-I 

(as-implanted),  and  a-Si-II 
(thermally  stabilized).  The 

curves  are  from  Ref.  [1,2]  and  the 
data  points  are  measurements  of  C, 
Si,  and  Sn  implanted  samples  in 
the  as-implanted  state  and  after 
annealing  at  500°C. 


dependent  upon  the  ion  mass.  Group  IV  ( ,29$^ ,l20$n)  ions  were 
chosen  to  avoid  complications  of  electrical  doping  effects.  Secondly, 
since  the  transition  between  the  two  states  had  only  been  studied  for 
500<^Ta<S50oC,  we  studied  the  annealing  process  over  a  wider  temperature 
range  ( 300<Tpk<600oC)  to  determine  whether  the  properties  of  the 
thermally  stabilized  state  (a-Si-II)  are  dependent  upon  the  anneal 
temperature  employed.  If  the  several  properties  of  a-Si-II  are  independent 
of  all  implantation  parameters  and  of  the  annealing  temperature,  then  the 
results  would  suqgest  that  a  definable  and  unique  thermodynamic  state  has 
been  produced. 

Experimental  Procedures 
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The  techniques  used  are  essentially  the  same  as  those  used  previously 
[1-3, 5,7]  and  therefore  they  will  be  reviewed  here  only  briefly.  The 
implanted  samples  are  identified  in  Figs.  1,  2,  and  3  by  the  designation 
of:  implanted  ion,  incident  ion  energy  in  MeV,  fluence  in  units  of 

lO^ions/cm^,  and  if  there  is  more  than  one  sample,  by  A,B,  etc.  Thus, 
C-0.4-5-A  is  a  C  ion-implanted  Si  sample,  where  the  C-ion  energy  is 
400  keV,  the  fluence  is  5xlol6/cm2?,  and  "A"  indicates  that  this  the 

first  such  implanted  sample.  The  starting  material  was  single  crystal  Si 
having  an  initial  resistivity  >  lO^cm.  Multiple  energy  implantations 
between  25  and  400  keV  were  used  in  some  cases  to  achieve  more  uniform  ion 
and  damaqe  density  profiles  within  the  implanted  layer.  The  sample 
temperature  was  maintained  near  200K  during  implantation  and,  to  reduce 
channeling,  the  incident  ion  beam  direction  was  approximately  8°  off  of 
the  hiqh  symmetry  directions. 

Room  temperature,  near-normal  incidence,  reflection  measurements  were 
made  over  the  wave  number  range  400<v< 7000cm- 1 .  The  reflected  intensity 
varies  strongly  with  v  because  of  interference  between  the  reflections  at 
the  air-amorphous  and  amorphous-crystalline  interfaces.  Computer  analyses 
of  the  reflection  spectra  yields  precise  values  for  (i)  the 
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refractive- indices  of  the  a-Si  and  the  recrystal  1 ized  region,  (ii)  the 
depth  of  the  amorphous  layer,  and  (iii)  the  width  of  the  transition  between 
the  a-Si  and  c-Si  regions  [7]. 

During  implantation  a  mask  covered  a  small  portion  of  the  surface  of 
each  sample.  The  swelling  of  the  implanted  region  produces  a  sharp  step  in 
surface  height  at  the  edge  of  the  mask.  Because  the  thickness  of  the 
implanted  region  is  very  small  compared  to  the  lateral  dimensions  of  the 
implanted  region,  only  the  thickness  of  the  sample  is  significantly 
affected  by  the  radiation  damage  [8],  Using  this  model  the  change  in 
density,  %p,  is  given  by  %  o  =  oc  (step  height)/ (a-Si  thickness)  where 
pc  is  the  crystalline  Si  density.  The  thickness  of  the  a-Si  region  was 
determined  from  the  infrared  reflection  measurements,  and  a  Sloan  Dekta/j 
profilometer  was  used  to  determine  the  step  height  to  an  accuracy  of  -25A 
per  measurement.  The  latter  measurements  contributed  most  of  the 
inaccuracy  in  the  determination  of  %p.  For  our  implantation  conditions  we 
estimate  that  5  to  11$  of  Si  was  removed  by  sputtering  for  29$i  implants, 
18A  for  C  implants,  and  38A  for  Sn  implants.  Since  step  heights  for  the 
as-implanted  samples  were  usually  between  100  to  160$,  the  correction  to 
the  density  would  be  negligible  for  Si,  10%  for  C  and  about  20%  for  Sn. 
Since  the  step  height  measurements  themselves  are  accurate  only  to  about 
20%,  and  the  sputterinq  coefficient  estimates  are  accurate  only  to  50%,  we 
have  not  applied  the  correction. 

The  EPR  measurements  were  made  at  room  temperature  with  a  Varian  E3 
spectrometer  at  9GHz.  The  siqnal  from  a-Si,  which  has  an  isotropic  g  = 
2.0055,  has  been  attributed  to  dangling  bonds  [9].  To  obtain  relative  spin 
density  values,  the  EPR  siqnal  strength  is  divided  by  the  a-Si  volume  which 
is  obtained  by  using  the  sample  surface  area  and  the  layer  thickness 
determined  from  the  infrared  reflection  measurements.  Infrared  band  edqe 
absorption  measurements  were  made  at  77K  by  directly  comparing  the  infrared 
transmission  of  the  implanted  sample  with  that  of  an  identical, 
non-impl anted  sample. 

Results 


The  curves  in  Fig.  1  show  the  refractive  indices  nj(v)  of  a-Si-I 

(as-implanted),  nrj(v)  of  a-Si-II  (thermally  stabilized,  500°C),  and 

nc(v)  for  crystalline  Si,  all  as  previously  reported  for  Si  and  P 

implants.  The  data  points  are  the  refractive  indices  obtained  for  several 
of  the  samples  from  this  study  implanted  with  12c,  29$-^  or  l20$n 
ions.  Both  the  as-implanted  and  the  500°C  anneal  refractive  indices  for 
all  samples  are  in  excellent  agreement  with  our  previously  published 
results  [1-3,5].  Thus,  there  is  no  discernible  dependence  upon  the  mass  of 
the  incident  ion  (12q — >12050),  or  the  use  of  a  single  ion  energy  or 

multiple  energies  during  amorphi zation. 

For  12^  295  -i  ^  an(j  1 20  sn  implanted  samples,  the  measured 

absorption  for  non-annealed  samples  in  the  region  of  the  absorption  edge 
was  close  to  aj~5xlO-13v4  -jn  agreement  with  the  previous  results  for 
P-implanted  Si  [1],  and  there  was  no  detectable  dependence  upon  which  ion 
is  used  for  the  implantation.  The  implanted  samples  were  annealed  for  2 
hours  at  500°C  to  produce  the  change  from  nj(v)  to  njj(v)  and  the 
absorption  edqe  was  remeasured.  It  was  not  possible  to  detect  a  difference 
between  the  absorption  of  the  annealed  implanted  samples  and  the 
crystalline  reference  samples.  Therefore,  we  were  unable  to  obtain 
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meaningful  values  for  an,  the  absorption  coefficient  for  the  thermally 
stabilized  state.  We  estimate  that  aji(v)  is  less  than  aj(v)/5  or 
*  ac(v)  for  all  cases. 

EPR  measurements  for  some  of  the  ^C,  29$^  and  120sn  implanted 

samples  are  presented  in  Table  I.  The  values  for  2^Si  are  the  same  as 

those  given  previously  [5],  and  it  was  indicated  there  that  the 
as-implanted  value  corresponds  to  a  dangling  bond  density  of 
~2xl0^cm~3.  when  the  samples  are  annealed  (500°C/2h)  the  spin 

density  drops  about  a  factor  of  2.  There  are  variations  in  the  values 
measured  for  both  as-implanted  and  annealed  samples,  but  no  trend  due  to 
ion  mass  is  discernible.  Therefore,  the  decrease  in  the  spin  density  is 
also  attributed  to  the  transition  between  the  two  states  of  the  a-Si.  The 
spin  densities  of  a-Si-I  and  a-Si-II  compare  to  within  a  factor  of  3  for 
pure  films  evaporated  onto  substrates  held  at  room  temperature  [9]. 

To  characterize  the  changes  in  the  indices  of  refraction  n(v)  we  define 
a  single  parameter  fp  =  n(vl/nj(v).  The  value  of  this  parameter  was 
determined  at  v  =  4000  cm-1,  the  average  frequency  of  the  infrared 
measurements.  The  results  of  annealing  1?C,  ?<?Si,  and  120sn 

implanted  samples  of  at  400°C  are  shown  in  Fig.  2.  The  fp  measurements 
in  Fig.  2 a  clearly  show  the  change  in  the  index  of  refraction  that  occurs 
when  the  a-Si  makes  a  transition  between  the  two  states.  There  is  no 


TABLE  I:  Relative  Oangl ing-Bond  Densities3) 


Anneal / Ion 

29Si 

Average 

pc 

120Sn 

as-implanted 

299 

353b) 

252 

310  ±  38 

325 

320 

500°C/2h 

150 

136  148 

500°C/8h 

163 

-100 

140  ±  22 

Ratio 

0.45  *  0.10 

a)  (The  isotropic  g  =  2.0055  EPR  signal ) / ( a— S i  volume). 

b)  This  value  corresponds  to  a  spin  density  of  ~2xl0^cm.-^ 


discernible  difference  due  to  the  implanted  ion  specie  or  the  duration  of 
the  annealinq  time.  The  average  value  of  fp=0.965  is  in  good  agreement 
with  the  previously  determined  values  [3]. 
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The  density  measurements  shown  in  Fig.  2b  indicate  that  there  is  no 
change  in  the  density  of  the  a-Si  layer  when  the  transition  in  states 
occurs.  Note  that  for  an  anneal  time  of  two  hours,  large  changes  are 
observed  for  fg  and  the  FPR  spin  density.  There  is  also  no  observed 
density  effect  due  to  the  implanted  ion  specie.  There  is  a  correlation 

between  the  magnitude  of  %p/pc  and  the  calculated  magnitude  of  the 
sputtering  corrections,  but  the  large  errors  mentioned  earlier  preclude  an 
accurate  sputtering  correction.  The  density  of  a-Si-I  and  a-Si-II  is 
2.0±0.5%  less  than  crystalline  Si.  Very  similar  results  for  fp  and 
^p/pc  to  those  in  Fig.  2  were  obtained  for  500°C  anneals  except  that 
the  transition  occurred  much  more  raoidly. 

Figure  3  shows  the  results  obtained  when  implanted  samples  are 

isothermally  annealed  at  temperatures  between  300°C  and  600°C.  Again 

the  fp  values  indicate  similar  values  of  index  of  refraction  njj(v)  for 
the  annealed  state  for  Ta=400°  to  600°C.  However,  at  T/\=300°C 

the  transition  rate  is  much  slower,  and  the  index  of  refraction  remained  at 
fp=0.974  after  118h  which  is  significantly  greater  than  the  value 

f 0=0.965*0.00 5  obtained  at  the  higher  temperatures.  These  results 
suggest  that  the  annealing  mechanism  responsible  for  the  transition  between 
states  may  be  different  at  the  lowest  anneal  temperature. 

Discussion 


The  experimental  results  presented  here  and  in  previous  publications 
support  the  view  that  the  physical  properties  beinq  measured  are  intrinsic 
to  two  distinct  states  of  a-Si.  The  refractive  index  of  as-implanted 
amorphous  silicon,  nj(v),  is  independent  of  ion  mass  (^C  -  ^®Sn), 
implantation  dose  and  energy  (3x10^  to  10*7Si,  P /cm? ;  200  to  2700 

keV  P)  [1-3]  and  implantation  temperature  (100K  to  300K  for  Si  implants). 
The  refractive  index  of  thermally  stabilized  a-Si,  njj(v),  is  independent 
of  the  above  parameters  and  is  unique  for  annealing  temperatures 

4OO<T^<60OoC.  For  300°C  annealing  the  final  njj(\>)  state  is  not 

quite  achieved.  If  we  assume  the  change  in  refractive  index 

nc( \>)  — +n i  (v) ,  is  caused  by  the  introduction  of  ~2xl0^cm-^ 
danqlinq  bonds  and  to  the  decrease  in  dipole  moment/volume  caused  by  the 
observed  2%  decrease  in  mass  density,  one  calculates  that  the  danqlinq  bond 
polarizability  must  increase  by  a  factor  of  2500  over  that  of  a  normal 
bond.  This  result  is  physically  unreasonable  and  indicates  that  the 

danqling  bonds  are  not  responsible  for  the  chanqe  in  indices  of 

refraction.  Averaged  over  the  entire  lattice  one  finds  that  there  is  an 
increase  of  -28%  in  the  averaqe  bond  pol ari zabi  1  i ty  for  the  change  from 
c-Si  to  a-Si-I,  and  a  decrease  of  ~8%for  the  chanqe  from  a-Si-I  to  a-Si-Il. 
The  observed  decrease  in  the  near  band  edge  absorption  after  the 

a-Si-I — »a-Si-I  I  transition  occurs  appears  to  be  consistent  with  the 

proposal  of  a  network  reorganization  in  which  there  is  a  reduction  in 
disorder  [5],  The  absorption  in  this  reqion  is  often  associated  with  the 
fluctuations  in  the  atomic  configurations  [10]  which  cause  shifts  in 

electronic  states  and  qive  rise  to  band  tails.  The  reduction  in  disorder 
by  network  reorganization  thus  appears  to  be  the  cause  for  the  reduction  in 
absorption  and  the  -8%  decrease  in  averaqe  bond  polarizability.  The 
decrease  in  danqling  bond  density  seems  to  be  directly  related  to  the 

annealing  of  defects  within  the  amorphous  structure. 
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If  the  transition  to  a-Si-II  is  a  phase  transition,  one  might  expect  a 
release  of  heat  during  the  phase  change.  Using  differential  scanning 

calorimetry,  Donovan  et  al.  [11]  has  measured  the  heat  of  crystal! ization 
of  a-Si  and  a-Ge  prepared  by  ion  implantation.  For  a-Ge,  they  observe  a 
substantial  heat  of  stabilization  prior  to  crystallization,  (1/?  of  the 
heat  released  during  crystallization)  but  no  heat  of  stabilization  is 

observed  for  a-Si  prior  to  crystallization.  Our  preliminary  refractive 
index  data  for  as-implanted  and  thermally  stabilized  a-Ge  [1?]  shows  a 

similar  relaxation  to  that  occurring  in  Si.  It  is  therefore  puzzling  that 
there  is  no  heat  of  stabi  1  ization  measured  for  Si  and  indicates  that  the 
mechanism  producing  the  relaxation  is  different  for  the  two  materials. 

Given  that  two  distinct  states  of  a-Si  can  be  produced,  it  is 

appropriate  to  speculate  on  the  effects  that  the  two  states  may  have  on 

other  material  properties.  For  example,  in  pulse  laser  annealing,  the 

couplinq  of  the  radiation  prior  to  melting  would  change  due  to  changes  in 
the  optical  constants,  especially  if  the  light  can  penetrate  to  a-c  boundry 
and  back  to  the  front  surface  to  interfere  with  the  incident  wave.  Also, 
any  enthalpy  decrease  (probably  small)  between  a-Si-I  and  a-Si-II  will 
increase  the  melting  temperature  of  a-Si-II;  and/or,  the  apparent  melting 

temperature  of  a-Si-II  might  be  larger  than  a-Si-I  because  advantageous 

sites  for  heterogeneous  and  homogeneous  nucleation  of  the  liquid  are 

reduced  which  allows  the  a-Si-II  to  be  more  readily  superheated  [13]  in  a 
fast  pulse  anneal.  In  addition,  Csepregi  et  al.  have  observed  that  the 
crystalline  quality  of  epitaxially  recrystal  1 ized  amorphous  layers  on  (111) 
Si  can  be  improved  by  performing  a  550°C,  lh  anneal  prior  to  performing 

the  normal  950°C,  lh  anneal  [14].  Our  work  shows  that  this  pre-anneal 
should  produce  the  a-Si-II  state  before  recrystal  1 i zation  occurs.  While  we 
have  no  evidence  that  the  production  of  a-Si-II  is  related  to  the  results 
of  Cspreqi  et  al.,  it  is  possible  that  the  nucleation  of  microtwins  and 
polycrystallites  [14]  is  suppressed  in  the  relaxed  "structure"  of  a-Si-II 
such  that  epitaxial  regrowth  and  simple  defect  annealing  can  occur  at  550 
and  950°C  without  competition  from  polycrystallite  and  microtwin 
formation.  This  deserves  further  study. 

In  any  case,  it  is  clear  that  refractive  index  changes  induced  by  the 
thermal  annealing  of  a-Si  provide  a  physical  basis  for  systematic 
investigations  of  the  effects  of  two-step  thermal  processing  on  the 
properties  of  recrystal  1 ized  Si  and  other  semiconductors  as  well  [12]. 

This  work  was  partially  supported  by  the  joint  Services  Electronics 
Proqram  under  contract  No.  F44620-76C-0061  monitored  by  the  Air  Force 
Office  of  Scientific  Research.  We  would  like  to  thank  J.M.  Poate  and 
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